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ABSTRACT 


The  spectral  characteristics  of  high  temper ature  Hybalir.e  B-3 
fueled  combustion  reactions  are  reported.  Data  were  obtained  for 
Hybaline  B-3  augmented  hydrogen- oxygen,  deuterium-oxygen, 
acetylene-oxygen,  and  air  diffusion  flames  under  conditions  simulating 
rocket  test  firings.  Major  features  of  the  emission  spectra  are  out¬ 
lined  for  the  ultraviolet,  visible,  and  infrared  regions.  Sufficient 
specific  emission  is  available  to  indicate  the  feasibility  of  determining 
changes  in  the  species  concentrations  and  flame  temperatures  as  func¬ 
tions  of  changes  in  O/F  ratios  and  other  major  rocket  parameters. 

High  temperature  Hybaline  B-3  flame  studies  indicate  that  suf¬ 
ficient  selective  emission  occurs  in  the  visible  region  to  allow  the 
detection  and  analysis  of  the  vapor  phase  combustion  product  B02(g). 

In  add'  mn,  in  the  infrared  region,  prominent  spectra  have  been 
observed  which  are  specific  in  character.  These  spectra  h’ve  been 
correlated  with  emission  from  water,  a  combination  of  carbon  monoxide 
and  carbon  dioxide,  and  selective  emission  peaks  in  the  5.  0  to  6.  0 
micron  region  which  are  tentatively  attributed  to  HB02  and  BO.  Suf¬ 
ficient  resolution  is  available  in  both  the  visible  and  infrared  regions  to 
allow  analysis  of  relative  peak  intensities  as  time-resolved  functions. 
The  emission  spectra  of  this  system  in  the  ultraviolet  region  consisted 
mainly  of  the  OH  bands.  No  evidence  of  emission  from  any  beryllium 
species  was  observed  in  these  burner  studies.  The  spectrographic 
techniques  developed  on  this  program  show  promise  as  possible  meth¬ 
ods  for  determining  the  "real  time"  kinetic  behavior  of  Hybaline  B-3 
fueled  rocket  combustion  gases. 
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I.  INTRODUCTION 


The  objective  of  this  research  program  was  to  determine  the 
feasibility  of  usmg  spectroscopic  methods  for  the  purpose  of  evaluating 
the  extent  of  the  rmal  and  chemical  equilibrium  within  a  methylamine 
beryllium  borohydride  (Hybaline  B-3)  fueled  rocket  plume.  This  ob¬ 
jective  was  accomplished  by  a  detailed  analysis  of  the  species  present 
in  the  flame  of  a  small  burner  which  simulated  rocket  plume  conditions. 
Emphasis  was  placed  on  the  identification  of  the  species  which  emitted 
enough  discrete  radiation  to  provide  a  basis  for  a  possible  concentration 
analysis.  Such  concentrations  are  dependent  on  the  mixture  ratios 
(O/F)  and  the  pressure  levels  at  which  the  combustion  occurs,  there¬ 
fore  the  relative  spectral  intensities  can  be  correlated  with  theoretical 
shifting  or  frozen  eruilibrium  calculations.  From  a.  detailed  analysis 
of  the  emission  characteristics  of  the  combustion  plume,  an  evaluation 
of  the  critical  physical  and  chemical  processes  important  to  the  estab¬ 
lishment  of  equilibrium  can  be  nerformed. 

In  addition,  wet  chemical  analyses  of  the  product?  of  reaction 
were  selectively  used  to  correlate  c:  c  observtu  spectral  data.  Also, 
chemica1  analyses  were  used  to  identify  intermediate  chemical  species 
which  exist  in  the  Hybaline  B-3  flame.  Based  on  these  studies,  a 
model  of  the  pyrolysis  mechanism  is  proposed.  It  is  concluded  that 
emission  spectroscopy  can  provide  uaeful  data  relative  to  the  high  tem¬ 
perature  thermochemistry  and  kinetics  of  boron-fueled  rocket- exhaust 
plumes.  The  major  results  of  this  research  program  are  summarized 
in  the  following  sections. 
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II.  EXPERIMENTAL  PROGRAM 


A.  Introduction 

The  approach  used  in  this  research  program  was  to  perform  a 
preliminary  series  of  studies  to  obtain  relative  spectral  emission  in¬ 
tensities.  For  these  studies  a  burner  technique  was  developed  to 
simulate  a  rocket  combustion  chamber.  Using  this  burner,  boron  and 
bervllium  containing  powders  or  compounds  could  be  added  to  pre¬ 
selected  and  carefully  controlled  base  flames.  This  -ortion  of  the 
program  served  two  primary  purposes.  One  purpose  was  to  calibrate 
instrumentation  under  closely  controlled  experimental  conditions.  The 
second  purpose  was  to  obtain  a  qualitative  documentation  of  the  relative 
intensity  levels  for  important  emitting  species  using  the  actual  equip¬ 
ment  and  techniques  which  would  be  applied  later  to  propellant  combus¬ 
tion  studies.  Following  the  calibration  and  preliminary  investigation 
studies,  experimental  work  using  Hybaline  R-3  flames  was  initiated. 
Because  of  the  toxicity  of  the  combustion  products  formed  during  this 
reaction,  considerable  emphasis  was  placed  on  developing  safe  oper¬ 
ating  procedures  and  facilities.  A  brief  outline  of  the  techniques 
employed  and  comments  relating  to  the  handling  characteristics  of 
Hybaline  B-3  is  given  in  Appendix  II. 

B.  Burner  for  Combustion  Studies 

While  severa1  burner  configurations  were  used  for  these  studies, 
most  of  these  were  modifications  of  the  burner  shown  in  Figure  1.  It 
is  essentially  a  modified  cutting  torch  in  which  the  base  flame  wa3 
either  hydrogen- oxygen  or  acetylene- oxygen.  To  this  base  flame, 
boron  and  beryllium  powders  or  compuunds  could  be  added  as  necessary 
to  provi '  the  desired  mixture  ratios.  The  liquid  Hybaline  B-3  could 
not  be  added  directly  in  this  burner  because  of  extensive  plugging  at  the 
orifices.  To  minimize  plugging  it  became  convenient  to  add  the 
Hybaline  B-3  separately  in  an  atomized  liquid  form.  For  this  purpose 
a  standard  one  on  one  impinging  jet  atomizer  was  used.  The  carrier 
gases  used  were  either  helium  or  argon  in  order  to  provide  an  inert 
system.  Two  principle  injection  techniques  were  used.  A  cross  axial 
injection  position  of  the  atomization  stream  was  used  to  simulate  short, 
(lame  residence  times  of  hybaline  droplets.  An  on-axial  placement  of 
the  injector  was  used  to  simulate  a  longer  flame  residence  time. 
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Typical  arrangements  of  the  hybaline  injector  system  are  shown 
Figures  2  and  3.  Flow  rates  were  monitored  using  standard  flow 
meter  techniques  for  the  gaseous  flows  necessary  for  the  base  flame, 
and  time -displacement  methods  for  the  neat  propellant. 

While  in  operation,  the  injector  was  placed  as  close  as  possible 
to  the  combustion  zone.  However,  some  difficulty  was  encountered 
even  in  an  argon  shrouded  atmosphere  with  flash  back  to  the  atomizer. 
The  result  of  such  flash  back  was  to  initiate  a  stable  flame  held  or. 
the  injector.  When  this  occurred,  extensive  plugging  of  the  orifices 
took  place,  which  reduced  the  fuel  flow  rates.  To  avoid  this  problem 
the  injector  assembly  was  placed  at  varying  distances  from  the  combus¬ 
tion  zone  depending  on  the  run  conditions.  Thus  the  entire  reaction  was 
made  to  occur  within  a  closely  defined  area  of  observation. 

All  the  results  presented  in  this  report  were  obtained  at  ambient 
Denver  pressure  (approximately  640  torr).  Toward  the  end  of  the 
contract  period  a  pressure  vessel  was  fabricated  so  that  the  burner 
could  be  operated  at  high  pressures.  However,  experimental  diffi¬ 
culties  were  encountered  which  precluded  the  acquisition  of  data  at 
higher  than  ambient  pressures. 

C.  Spectral  Analysis  of  Radiation 

Combustion  processes  are  usual!/  unsteady  so  an  instrument 
which  scans  a  spectral  region  rapidly  provides  the  most  useful  infor¬ 
mation  concerning  the  spectral  distribution  of  radiation  from  a  flame 
or  rocket  plume.  But,  in  general,  the  spectral  resolution  is  low'  for 
most  rapid  scan  spectrophotometers.  Therefore,  it  is  necessary  to 
get  complementary,  time  integrated  data  in  order  to  correct] y  interpret 
the  results  from  the  rapid  scan  instrv  .lent. 

Four  instruments  were  used  for  obtaining  the  spectral  distri¬ 
bution  of  the  radiations  produced  by  the  burner  plume. 

1.  Perkin- Elmer  Model  103  Rapid  Scan  M  nochromator.  This 
instrument  was  used  for  obtaining  spectral  information  in  the  visible 
and  infrared  spectral  region.  For  this  program  a  nominal  scan  time  of 
approximately  300  milliseconds  was  used.  Adequate  resolution  war 
obtained  in  the  infrared  region;  however,  the  relatively  low  dispersion 
of  this  instrument  tends  to  limit  its  usefulness  in  the  visible  and  ultra¬ 
violet  regions  to  studies  of  band  intensities. 
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Figure  2.  Typical  Cross  Axial  Injection  for  Hytaline  B-3  Fuels 


Figure  3.  Typical  Axial  Injection  Burner  Configuration  for 
Hybaline  B-3  Fuels 


2.  CINE  Framing  Spectrograph.  This  instrument  has  a  large 
aperture  so  that  reasonable  time  integrated  spectral  data  can  be  ob¬ 
tained  from  relatively  low  intensity  sources  in  the  visible  and  ultraviolet 
spectral  region.  However,  because  it  has  a  relatively  low  dispersion 

in  the  visible,  its  usefulness  is  limited.  Framing  rates  greater  than 
1000  frames  per  second  can  be  obtained  from  this  instrument. 

3.  Bausch  and  Lomb  Grating  Spectrograph.  This  instrument 
was  used  mainly  to  obtain  relatively  high  resolution,  time  integrated 
spectra  in  the  visible  and  ultraviolet  regions  (3000  A  to  8000  A).  The 
principle  problem  with  this  spectrograph  is  its  inherent  slowness 
caused  by  overall  aperture  of  about  f 2 2 . 

4.  Hiiger  Prism  Spectrograph.  This  instrument  was  also 
used  to  obtain  time  integrated  spectra  in  the  visible  and  ultraviolet 
spectral  region.  It  is  relatively  fast  (approximately  f4.  5),  and  be¬ 
cause  of  its  quartz  prism,  had  very  good  resolution  in  the  ultraviolet 
region. 


D.  Experimental  Results 

Typical  spectra  obtained  with  these  instruments  are  shown  in 
Figures  4  through  14.  1  In  Figures  4  and  5  the  background  emission  is 
given  for  a  hydrogen -oxygen  flcme  and  an  acetylene -air  flame.  In 
Figure  4  the  major  structure  consists  of  water  emission  at  (2.  7p).  To 
the  far  right  hand  side,  the  spectrum  from  a  6.  25  hydroxyl  band  is 
observed.  A  comparison  of  this  spectrum  with  the  Hybaline  B-3  aug¬ 
mented  flame  shows  a  downward  spectral  shift  to  a  peak  at  about  5.4  - 
6.0  microns.  In  Figure  5  the  structure  in  the  acetylene-air  flame 
consists  of  blackbody  emission  from  carbon  soot,  and  a  combined 
CO-C02  peak  at  about  4,5  microns.  As  the  temperature  increases,  the 
blackbody  radiation  will  tend  to  shift  its  peak  value  to  higher  frequen¬ 
cies  although  the  absolute  intensity  will  increase  at  all  wave  lengths. 
Since  relative  peak  heights  an  used  by  varying  the  amplifier  gain,  cor¬ 
rections  can  be  made  to  account  for  the  blackbody  background. 

An  emission  spectrum  from  a  Hybaline  B-3  augmented  hydrogen- 
oxygen  flame  is  shown  in  Figure  6.  In  this  figure  the  major  peaks 
correspond  to  wate^;  a  combined  CO,  C02  band,  and  unidentified  bands 

1  Because  of  its  relatively  low  dispersion,  no  time  resolved  spectra 
taken  with  the  CINE  spectrograph  are  included. 
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Perkin  Elmer  Rapid  Scan 


Figure  4.  A  Typical  Background  Spectrum  in  the  Infrared  Region 
Using  a  Hydrogen -Oxygen  Flame 
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Parkin  Elmer  Rapid  Scan 


Figure  6.  A  Typical  Spectrum  in  the  Infrared  Region  for  a  Hybalin 
B -3  Augmented,  Hydrogen -Oxygen  Flame 
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gure  7.  Spectral  Resolution  Capability  of  the  Perkin-Elmer  108 
Rapid  Scan  Spectrophotometer  in  Visible  Region 


Spectral  Characteristics  in  the  Visible  Region  of  Radiation 
from  a  Pyrotechnic  Mixture 
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Temperature  Fuel  Rich  Oxygen  Acetylene-Hybaline  B-3  Flame 
y  Seconds  Duration  with  Step  Density  Filter  -  B  &  L,  Spectrogra 


Augmented  Oxygen- Acetylene 


4710  Bond  BO2 
4930  Bond  BQg 

5)80  Bond  BO^ 

5450  Bond  BO^ 
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5889,  5896  No  Doublet 
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6380  Bond  80^  (?) 
6707  Li  (?)  Singlet 

Film  Cutoff 


Figure  14.  Hybaline  B-3  -  Air  Flame  -  Bausch  &  Lomb  Grating 
Spectrometer  45  Second  Exposure 
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at  about  5.4  and  5.9  -6.1  microns.  The  assignment  of  this  latter  peak 
is  not  clear  but  could  be  interpreted  as  a  H-OBO  stretching  mode. 

This  oscilloscope  tracing  clearly  shows  pronounced  structure  in  the 
infrared  region.  Although  the  flame  is  somewhat  dilute,  blackbody 
emission  from  incandescent  particles  would  probably  not  be  high  enough 
to  mask  out  this  structure.  This  is  particularly  true  for  the  radiation 
at  5.  9  microns  where  the  blackbody  radiation  is  relatively  weak.  The 
spectral  resolution  of  the  Perkin-Elmer  108  in  the  visible  region  is  in¬ 
dicated  by  Figure  7.  This  spectrum  was  obtained  using  a  mercury  arc 
calibration  lamp.  A  Perkin-Elmer  108  spectrum  showing  the  B02 
fluctuation  bands  is  shown  in  Figure  8.  In  this  figure  the  structure  con¬ 
sists  of  BC>2  fluctuation  bands  in  the  visible  region.  2  There  is  not  suffi¬ 
cient  resolution  here  to  allow  quantitative  data  although  some  use  might 
be  made  for  qualitative  work.  The  B  &  L  grating  spectrometer  is 
better  suited  for  this  analysis  if  exposure  times  of  the  order  of  10  sec¬ 
onds  can  be  tolerated. 

Figures  9  and  10  show  results  from  a  boron  loaded  pyro- 
technique  mixture.  Some  of  the  boron  fluctuation  bands  appear  in  the 
visible  region  (Figure  9)  but  are  of  only  gross  qualitative  interest.  In 
Figure  10  the  infrared  radiation  from  a  similar  mixture  is  shown  to¬ 
gether  with  the  associated  calibration  curve  for  that  region.  5 

Calibration  spectra  for  boron  and  beryllium  oxides  were  obtained 
by  arcing  the  metals  in  an  oxygen  atmosphere,  using  the  Bausch  and 
Lomb  grating  spectrometer.  They  are  shown  in  Figures  11  and  12. 
These  spectra  are  of  relatively  high  resolution  and  considerable  struc¬ 
ture  is  present.  High  temperature  Hybaline  B-3  augmented  acetylene- 
oxygen  spectra  are  shown  in  Figure  13.  The  beryllium  oxide  bands  are 
not  discernable  over  the  BOj  fluctuation  bands  under  the  conditions  of 
these  experiments.  A  similar  spectrum  for  a  hybaline-air  flame  is 
shown  in  Figure  14.  Again  only  the  BOj  fluctuation  bands  are  observed 
in  emission 


2  Based  on  work  with  the  B  &  L  grating  instrument,  some  of  this  repre¬ 
sents  overlap  and  a  portion  is  attributable  to  the  background  noise  in 
the  system.  This  data  would  be  useful  for  integrated  band  studies, 
but  is  limited  it  specific  bands  or  lines  are  to  be  closely  studied. 

5  This  calibration  includes  the  absorbance  caused  by  windows  ana  opti¬ 
cal  attenuation  in  the  reaction  chamber  and  associated  instrumentation. 
The  value  of  the  ordinr  e  at  a  particular  wavelength  is  the  value  by 
which  the  observed  output  (lower)  curve  should  be  multiplied. 
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The  Hilger  spectrograph  covers  an  effective  spectral  range 
between  2000  A  and  9000  A.  However,  for  these  studies,  because  of  its 
optical  design,  it  is  most  useful  in  the  2000  to  4000  A  region.  A  cali¬ 
bration  spectrum  showing  the  mercury  lines  is  given  in  Figure  15 
together  with  spectra  for  hybaline -air  diffusion  flames.  A  relatively 
firm  assignment  cf  the  H  atom  in  absorption  was  made  and  this  was 
somewhat  unexpected.  The  spectra  obtained  from  a  series  of  Hybaline 
B-3  augmented  hydrogen -oxygen  and  deuterium -oxygen  runs  is  shown  in 
Figure  16.  An  enlargement  of  the  OH  emission  structures  in  the  3000  A 
region  is  given  in  Figure  17. 

£.  Discussion  of  Results 


For  Hybaline  B-3  fueled  burner  plumes,  useful  information  can 
be  obtained  in  three  spectral  regions;  the  infrared,  the  visible,  and  the 
ultraviolet.  Major  species  observed  in  emission  are  listed  in  Table  I. 
More  details  concerning  the  prominent  features  in  each  spectral  region 
are  given  in  the  following  sections. 


TABLE  I.  SPECIES  OBSERVED  IN  THE  EMISSIONS 
OF  HYBALINE  B-3  FLAMES 


Ultraviolet  Spectral  Region4 


OH 


Visible  Spectral  Region 


Infrared  Spectral  Region 


L _ Tnfrared  Region 

Prominent  spectra  have  been  observed  in  the  infrared  region 
which  are  specific  in  character,  and  are  probably  associated  with 
emission  from  water,  a  combination  of  carbon  monoxide  and  carbon 
dioxide,  and  two  unidentified  selective  emission  peaks  in  the  5.4  and 
5.9  dcron  regions.  These  latter  peaks  may  be  attributed  to  HBO, 

4  No  beryllium  or  beryllium  oxide  bands  were  observed  in  the  emission 
from  Hybaline  B-3  augmented  flames. 


Hybiiine  B-3  -  Air  Diffusion  Flame  80  Second  Exposure  -  BO*  Fluctua¬ 
tion  Banks  in  Emission  -  H  Atom  plus  Other  Structure  in  Absorption. 
Crumpled  Aluminum  Foil  Reflector  ^  0.  010  Slit. 


Hybaline  B-3  -  Air  Diffusion  Flame  200  Second  Exposure  -  BOz  Fluc¬ 
tuation  Bands  in  Emission  -  No  Diacemable  Absorption.  No  Reflector 
~  0.005  Slit 
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Calibration  Spectrum  for  Above  Using  Hg  Quartz  Lamp 


Figure  15.  Spectra  Obtained  with  the  Hilger  Spectrograph 


Bands 


B02(g)  +  Continuum 


Ultraviolet  spectra  from  Hybaline  B-3  augmented  hydrogen-oxygen 
flame  studies.  Time  integrated  exposures  of  40  and  30  seconds. 
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B02(g)  +  Continuum 
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Ultraviolet  spectra  from  Hybaline  B-3  augmented  hydrogen-oxygen 
flame  studies.  Mixture  ratios  are  varied  from  fuel- rich  to  fuel- 
lean. 

^  Bands _ ^ _ 

OD  +  OH  ^BOz(g)  +  Continuum 


Ultraviolet  spectra  of  Hybaline  B-3  augmented  deuterium-oxygen 
flames.  Mixture  ratios  are  varied  from  fuel- rich  to  fuel- lean 
with  the  OH  and  OD  bands  prominent.  Isotropic  shifts  are  readily 
observed  verifying  assignment  of  bands. 


Figure  16.  Hybaline  B-3  Augmented  Flame  Studies  Showing  Spectra  in 
the  Ultraviolet  Region 


20 


hbo2  or  BO.  Sufficient  resolution  is  available  in  both  the  visible  and 
infrared  spectral  regions  to  allow  analysis  of  relative  peak  intensities. 
These  intensities  vary  with  changes  in  combustion  product  concentra¬ 
tions  caused  by  varying  the  O/F  ratios  and  therefore  are  suitable  for 
determining  the  "real  time"  kinetic  behavior  of  these  species.  The 
precision  of  measurement  in  the  infrared  region  is  adequate  for  deter¬ 
mining  relative  species  concentrations  as  time  resolved  functions  using 
a  scanning  rate  of  about  one  third  second  per  scan  covering  the  spectral 
region  from  one  micron  through  about  6.3  microns.  It  is  probable  that 
satisfactory  resolution  could  be  obtained  with  scan  times  as  low  as  10 
milliseconds.  This  capability  should  enable  selected  rocket  phenomena 
(e.g.  ,  chugging)  tc  be  related  to  specific  changes  in  the  concentrations 
of  important  combustion  products. 

2.  Visible  Spectral  Region 

As  has  been  indicated,  the  major  structure  in  the  visible  spec¬ 
tral  region  consists  of  the  "BOj  fluctuation"  bands.  These  bands  are  a 
series  of  thirteen  bands  ranging  from  4075  to  6810  A  which  have  closely 
spaced  individual  lines  and  broad  maxima.  There  is  some  discernible 
structure  to  these  bands  with,  perhaps,  sufficient  intensity  to  be  able 
to  use  them  for  analytical  spectroscopy.  The  major  difficulty  in  their 
use  for  this  purpose  is  th;:  existence  of  a  broad  underlying  continuum. 
The  background  shift  is  shown  in  a  microdensitometer  tracing  in  the 
region  of  the  sodium  lines,  Figure  18.  A  tracing  of  two  BOz  bands, 
shewn  in  Figure  19,  indicates  the  amount  of  structure  present.  Because 
the  general  continuous  background  is  less  at  the  shorter  wavelengths , 
these  bands  may  be  more  useful  than  those  of  greater  intensity  for 
boron  reaction  rate  studies.  Quantitative  data  may  possibly  also  be 
obtained  using  the  "bottom"  of  these  bands. 

3.  Ultraviolet  Spectral  Region 

Using  a  Hilger  quartz  prism  spectrograph,  studies  were  made 
of  the  spectral  characteristics  of  Hybaline  B-3  augmented  hydrogen- 
oxygen  flames  in  the  ultraviolet  region.  This  spectrograph  has  a  re¬ 
ciprocal  dispersion  of  5  A  per  millimeter  at  2100  A  which  increases  to 
20  A  per  millimeter  at  about  4500  A.  The  principle  spectral  features 
observed  with  this  spectrograph  include  the  BQ2  fluctuation  bands  in 
the  visible  region  from  4000  to  6500  A,  together  with  a  series  of  OH 
bands  starting  at  about  3060  A.  The  BO*  fluctuation  bands  are  of  much 
greater  relative  intensity.  In  the  region  between  6500  A  and  3300a  a 
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Typical  ^02(g) 


continuum  background  emission  is  also  observed.  This  continuum  cuts 
off  at  different  wavelengths,  depending  on  the  fuel -oxidizer  ratios,  and 
a  direct  correlation  exists  between  the  observed  cut  off  region  and  the 
calculated  flame  temperature.  This  behavior  indicates  the  continuum 
is  due  to  grey  body  emission.  Because  of  the  low  dispersion  of  the 
instrument  in  the  visible  reg;on„  only  a  limited  amount  of  line  structure 
can  be  observed  in  the  BO*  fluctuation  oands.  That  line  structure  which 
is  observed  may  possibly  be  correlated  v/ith  contaminate  species  {e.g. , 
FeO)  originating  from  the  burner  and/or  flow  lines.  The  observed  band 
structure  originating  at  3067  A  degrades  to  the  red.  These  bands  con¬ 
sist  of  a  series  of  lines  with  a  band  head  at  3067  A  and  another  at 
3090  A.  Although  it  may  be  possible  that  some  of  this  structure  repre¬ 
sents  emission  corresponding  to  the  BO(a)  bands,  the  main,  structural 
features  correspond  to  the  reported  OK  band  spectra  in  this  region. 

In  these  bands,  there  is  sufficient  detail  to  provide  independent  mea¬ 
surements  of  flame  temperature  from,  observation  of  the  relative 
intensity  distributions. 

Typical  spectra  in  the  ultraviolet  region  have  been  shown  in 
Figuree  15,  J.6,  and  17.  These  spectra  represent  different  O/F  ratios 
of  oxygen  and  hydrogen  to  which  Hybaline  3-3  is  added.  The  OH  bands 
in  emission  are  readily  observed.  Because  of  partial  plugging  of  the 
hybaline  injector  nozzle,  the  exact  Hybaline  B-3  fuel  rate  was  not  ac¬ 
curately  determined,  but  for  most  flow  conditions,  this  value  was  ap¬ 
proximately  5  cubic  centimeters  per  minute.  The  film  used  lor  this 
study  was  Eastman  Kodak  Linagraph  Shellburst. 

An  additional  series  of  tests  were  performed  using  a  deuterium- 
oxygen  flame.  Spectral  shifts  are  apparent  in  the  region  associated 
with  the  bands  at  3090  A.  No  major  shift  was  observed  in  the  B02 
fluctuation  band  structure  although  some  small  differences  were  ob¬ 
served  which  further  confirms  the  assignment  previously  made.  Be¬ 
cause  of  limited  resolving  power  in  the  region  of -the 'fluctuation 'bands., 
an  analysis  of  the  fine  structure  in  this  region  was  not  attempted- 

No  spectral  emission  was  observed  which  could  be  associated 
with  the  Be  or  BeO  species.  The  lack  of  Be  and  BeO  spectral  emission 
may  indicate  that  the  attainment  of  equilibrium  concentration  of  BeO  is 
in  some  manner  inhibited  under  these  combustion  conditions.  Although 
the  transition  probability  for  BeO(g)  emission  is  low  relative  .to  that  of 
B02(g),  the  concentration  of  the  BeO(g)  should  fee  sufficiently  high' as  to 
allow  detection.  The  lack  of  specific  BeO  emission  may  indicate  that  a 


mixed  oxide  or  complex  compound  is  formed.  Since  thermochemical 
data  relating  to  these  compounds  is  not  available  at  high  temperatures, 
the  usual  calculation  of  theoretical  specific  impulse  includes  only  BeO 
and  B2Os.  If,  however,  a  mixed  boroberyllium  oxide  or  hydroxide  were 
formed  in  a  metastable  or  stable  state,  then  the  concentration  of  BeO 
would  be  correspondingly  reduced.  A  typical  compound  of  this  type  is 
a  complex  with  a  structure  similar  to 
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G— Be 


These  compounds  have  been  well  documented  at  lower  tempera¬ 
tures  and  would  tend  to  tie  up  the  beryllium  and  boron  in  a  fully  co¬ 
ordinated  complex  structure.  The  thermochemical  heat  release  for 
such  compounds  would  be  expected  to  be  somewhat  lower  than  for  the 
formation  of  a  mixture  of  pure  oxides.  This  would  tend  to  reduce  the 
experimental  specific  impulse  and  account,  in  part,  for  the  observed 
reduced  propellant  efficiency. 

JL _ Comments  Concerning  Observed  Spectra 

The  B02  "fluctuation' '  bands  belong  to  two  systems.  Each  sys¬ 
tem  must  involve  the  ground  state  since  they  have  been  observed  in 
absorption.  The  spectral  assignment  made  b>  Johns  .s  4075  A  to  the 
B2E  +-*  X2ir  transition  and  the  others  to  the  A2tt-*  X2tt  systems.  Of 
these,  the  4075  A  band,  although  relatively  weak  in  our  studies  with 
hybaline,  had  several  resolvable  lines  where  sufficient  exposure  was 
available.  In  the  case  of  the  B2E  + -*•  X2tt  transition  the  intensity  is  not 
sufficient  for  a  rapid  scan  technique  but  it  may  be  possible  to  obtain 
complementary  temperature  information  in  consecutive  runs.  In  any 
case,  the  relative  intensities  of  the  B2Z  +  and  A2tt  systems  is  of  defi¬ 
nite  interest  in  analyzing  the  reaction  kinetics  involving  the  B02 
molecuh 

A  number  of  investigators  have  tried  to  determine  which  boron 
species  are  responsible  for  these  bands.  Before  1961  these  maxima 
had  not  been  completely  resolved  and  were  believed  to  be  associated 
with  "continuous  emission"  from  boron,  boric  acid,  or  the  gaseous 
B203.  Kaskan  and  Millikan  (4),  from  a  quantitative  stud,  'f  the  absorp¬ 
tivity  of  boron  flames  at  5740  A  together  with  data  concerning  the  OH 
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concentration  and  emissivity  at  2040  Kaysers  (HB02),  suggested  that 
the  most  likely  emitter  is  B02,  In  more  recent  studies  Kaskan  and 
Millikan  (5,  6),  and  others  (2,  7,  8)  have  confirmed  the  assignment  of 
these  bands  to  the  B02(g)  species.  The  best  evidence  for  this  assign¬ 
ment  has  involved  high  temperature  furnace  (B203-02)  and  flash 
photolysis  studies.  From  the  flash  photolysis  studies  involving  a 
BC1j-02  system,  Johns  (2)  was  able  to  obtain  low  temperature  absorp¬ 
tion  bands  which  corresponded  to  those  previously  seen  in  emission. 
Sufficient  resolution  was  available  for  an  analysis  of  these  bands  and 
they  were  assigned  to  a  linear  and  symmetric  triatomic  molecule  AB2 
containing  only  one  boron  atom.  Because  of  nuclear  spin  considerations 
this  assignment  was  made  to  B02  and  not  BC12. 

One  of  the  most  important  implications  of  the  above  studies  is 
that  the  B02  fluctuation  band  does  not  arise  from  transitions  between 
two  electronic  energy  levels  one  of  which  is  unstable.  The  result  of 
such  an  instability  would  be  a  nonprecise  definition  of  transition  energy 
resulting  in  continuum  band  radiation.  The  work  of  Johns,  in  partic¬ 
ular,  would  indicate  that  these  bands  are  generated  via  transitions 
between  stable  states.  The  reason  that  this  fact  is  important  to  the 
present  studies  is  that  it  implies  that  the  states  responsible  for  emis¬ 
sion  of  the  B02  "fluctuation"  bands  are  in  chemical  equilibrium  with 
other  B02  electronic  states.  Using  the  principle  of  detailed  balancing 
it  is  then  possible  to  relate  spectral  intensity  data  to  the  relative  popu- 
lational  distributions  of  B02  at  specific  electronic  energy  levels  and 
these  distribution  functions  can  then  be  used  to  provide  species  concen¬ 
tration  levels.  On  the  other  hand,  if  an  unstable  state  were  responsible 
for  the  emission  then  the  use  of  normal  statistical  methods  to  obtain 
concentration  data  might  not  necessarily  be  valid,  and  the  problem  of 
interpreting  relative  spectral  data  from  boron  fueled  rocket  plumes 
would  be  much  more  complicated. 

The  OH  bands  have  been  reported  by  a  number  of  investigators 
and  can  be  seen  in  Figures  16  and  17.  which  are  typical  of  spectra  ob¬ 
tained  from  a  Hybaline  B-3  augmented  hydrogen-oxygen  flame.  These 
bands  are  attributed,  at  least  in  part,  to  a  chemiluminescent  reaction. 
Although  the  kinetic  path  has  net  been  fully  worked  out,  a  considerable 
technical  effort  has  been  made  to  determine  the  reaction  sequence  and 
probable  precursor  species  responsible  for  the  observed  chemi¬ 
luminescence.  These  reactions  may  involve  either  a  bimolecular  or 
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trimolecular  reaction  mechanism  to  produce  the  observed  species.  At 
ambient  pressure  the  rate  constant  for  the  reaction 

H  +  CK  +  OH  -*■  H2C  +  OH* 
was  measured  and  found  to  be  2  X  10“  32cm4  sec"1. 

This  trimolecular  reaction  has  been  suggested  by  several  in¬ 
vestigators  (1,  9)  as  being  responsible  for  the  observed  OH  chemi¬ 
luminescence.  Based  on  this  reaction  rate,  an  estimate  can  be  made 
of  the  relative  concentrations  of  OH*  formed  by  this  three  body  collision 
process  and  the  thermalysis  of  the  OH  radicals  by  collisional  activa- 
tional  processes. 

An  analysis  of  this  type  shows  that  the  concentration  levels  of 
OH*  are  pressure  and  temperature  dependent  functions  involving  two 
almost  independent  mechanisms.  It  is  therefore  necessary  to  have  suf¬ 
ficient  information  regarding  the  relative  effects  of  thermal  and 
chemical  activation  mechanisms  before  correlations  between  the  ob¬ 
served  intensity  levels  and  the  calculated  [OH]  radical  concentration 
levels  can  be  made  with  high  analyi  cal  precision. 


HI .  DISCUSSION 


A.  General 

The  major  objective  of  this  research  program  was  to  determine 
the  feasibility  of  using  emission  spectra  to  analyze  high  temperature 
combustion  species  in  rocket  exhausts.  Such  an  analysis  can  provide 
a  "real  time"  evaluation  of  the  gaseous  components  in  a  rocket  exhaust 
stream  without  perturbing  the  system  in  any  way  by  a  sampling  pro¬ 
cedure.  The  detailed  quantitative  analysis  of  emission  spectra  is 
exceedingly  complicated,  both  experimentally  and  analytically.  To 
more  closely  define  the  experimental  variables,  the  general  techriv-al 
approach  was  to  use  a  burner  in  which  Hybaline  B-3  was  injected  into 
preselected  flames  simulating  rocket  exhaust  plumes.  Emission  spec¬ 
tra  obtained  from  such  Hybaline  B-3  fueled  flames  we'e  then  analyzed. 
The  results  of  this  work  indicate  that  a  determination  of  several  specific 
combustion  species  can  be  performed  (at  least  qualitatively)  using  emis¬ 
sion  spectroscopy.  These  species  are:  BOz(g),  OH(g),  COz(g),  CO(g), 
H20(g),  HBQ2(g)  and  BO(g). 

Because  of  the  complexity  of  the  emission  spectra  in  all  of  the 
flame  systems  studied,  a  considerable  effort  was  necessarily  devoted 
to  correlating  the  observed  spectral  lines  with  specific  combustion  spe¬ 
cies.  A  number  of  difficulties  exist  in  such  correlations.  They  are 
caused  primarily  by  two  effects;  first  by  the  overlapping  of  spectral 
bands  and  lines  in  a  given  region  by  two  or  more  species,  and  second, 
by  the  existence  of  a  broad  band  continuous  emission  caused  by  the  con¬ 
tinuum  of  "grey  body"  radiation  eminating  from  solid  or  liquid  products 
of  reaction.  To  identify  important  species  a  preliminary  series  of  ex¬ 
periments  were  performed  to  outline  the  emission  characteristics  under 
conditions  which  involved  relatively  simple  emission  profiles.  These 
were  then  used  to  calibrate  the  spectrogj.  aphs  and  to  rovide  a  reference 
base  for  further  investigation. 

There  is  a  question  as  to  whether  or  not  a  quantitative  determi¬ 
nation  of  the  absolute  concentration  levels  oi  individual  species  can  be 
obtained  usi.ng  emission  spectroscopy  ,f  a  high  level  of  accuracy  is 
required.  However,  it  is  probable  thai:  a  method  to  determine  species 
concentration  levels  can  be  developed  using  the  relative  intensity  ratios. 
Such  a  method  would  require  the  use  of  correlation  parameters  which 
are  functions  of  the  following:  (1)  temperature,  (2)  estimated  back¬ 
ground  interference,  (3)  relative  band  overlapping,  and  (4)  optical  depth 
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of  the  flame  zone.  Such  an  analysis  would  be  useful  in  determining  the 
relative  changes  in  species  concentrations  which  would  give  an  insight 
into  the  reaction  kinetics. 

The  sensitivity  and  precision  of  such  analyses  is  expected  to  be 
a  function  of  the  specific  combustion  product.  For  example,  a  strong 
emission  in  the  5. 5-6.0  micron  spectral  region  has  been  tentatively 
identified  with  the  HB02(g).  This  band  is  extremely  intense  (indicating 
probable  cl  emiluminescence)  and  may  possibly  be  useful  in  tracing  the 
presence  or  absence  of  equilibrium  involving  the  following  reaction: 

H20  +  B,03(c)  HB02(g). 

A  similar  effect  was  observed  for  hydroxyl  radical  emission  in  the 
ultraviolet  region.  For  both  species  the  intensity  of  emission  is  suffi¬ 
ciently  high  to  allow  the  use  of  empirical  correlation  parameters. 

A  secondary  objective  of  this  program  was  to  determine  whether 
or  not  the  solids  produced  in  the  combustion  of  metalized  fuels  are  com¬ 
pletely  oxidized.  We  would  thus  know  if  the  products  corresponded  to 
those  w’hich  are  assumed  for  theoretical,  shifting  equilibrium  calcula¬ 
tions  of  specific  impulse.  Therefore,  in  addition  to  determining  the 
feasibility  of  using  emission  spectroscopy  to  examine  rocket  exhaust 
combustion  products,  a  portion  of  this  work  effort  was  devoted  to  the 
chemical  analysis  of  the  condensate  particles  obtained  from  Hybaline 
B-3  fueled  flames.  The  results  of  these  chemical  analyses  indicate  the 
existence  of  a  significant  amount  of  hydrolyzation  of  the  beryllium  and 
boron  oxides,  particularly  at  the  lower  temperatures.  From  these 
analyses  it  is  inferred  that  the  early  pyrolysis  of  Hybaline  B-3  probably 
results  in  the  evolution  of  hydrogen  which  burns  to  form  water.  This 
implies  that  the  actual  oxidation  mechanism  of  the  residual  boron  and 
beryllium  may  occur  via  an  oxidation  involving  water  as  the  oxidizer. 

Ii  this  in  fact  is  the  reaction  path,  then  the  lack  of  efficiency  of  Hybaline 
B-3  fuels  may  be  attributed  to  a  partial  retention  of  some  water  vapor 
in  the  form  of  chemically  bound  water  of  hydration.  This  would  result 
in  the  preferential  formation  of  nonequilibrium  products  of  reaction,  and 
therefore,  reduced  propulsion  efficiency.  A  more  complete  discussion 
of  these  effects  is  given  in  the  following  sections. 
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B.  Emission  Spectroscopy  Theory 

The  obeerved  emission  of  rocket  exhaust  plumes  is  dependent  on 
the  species  concentration,  plume  temperatures,  and  plume  thickness. 
Spectroscopic  intensities  obtained  in  emission  usually  result  from  a 
combination  of  emission  and  self-absorption.  Either  photographic 
plates  or  an  electron  photomultiplier  detector  can  be  used  to  measure 
these  intensities.  The  interpretation  of  intensity  data  requires  infor¬ 
mation  in  addition  to  the  measured  intensity  determination.  The  inten¬ 
sity  of  a  given  spectrum  line  is  determined  both  by  its  transition 
probability  for  emission  as  well  as  the  extent  of  reabsorption.  The 
intensity  Iq  of  a  given  line  measured  under  conditions  of  negligible  self¬ 
absorption  is  proportional  to  the  n  mber  Ne  of  emitting  atoms,  the 
frequency  v,  and,  the  transition  probability  Ac  of  the  line,  thus 

I0  «vAcNe. 

Any  quantitative  analytical  procedure  using  spectral  emission  from 
rocket  plumes  is  based  on  the  existence  of  a  definite  relationship  between 
the  number  of  molecules  or  atoms  present  and  the  intensity  of  the  spe¬ 
cific  radiation.  This  functional  relationship  may  be  expressed  as 

I  =  f  (N). 

For  a  volume  of  emitting  gas  containing  Ni  molecules,  in  an  excited 
state  Ei  above  the  ground  state,  a  number  of  these,  dNjg,  will  undergo 
spontaneous  transitions  to  a  lower  state,  Ej,  in  a  given  unit  of  time. 

The  number  dNij  is  proportional  to  the  population  density  Ni  and 
therefore; 


dN|j  =  AijNjdr 

where,  Aij  is  the  Einstein  transition  probability  for  spontaneous  emis¬ 
sion.  The  emission  intensity  lem  of  the  spectral  line  is  the  energy  hv 
emitted  per  unit  time 

i  =hv^i 

Aem  11 v  dT 

=  hv  A|jNi  . 

Since  photons  are  emitted  isotropically  in  all  directions,  only  the  frac¬ 
tion  corresponding  to  the  solid  angle  dfi/4ir  are  observed  by  the  detector. 


31 


It  is  useful  to  rewrite  the  previous  emission  expression  in  terms 
of  oscillator  strengths.  The  expression  used  to  determine  the  transi¬ 
tion  probability  function,  A^j,  in  terms  of  oscillator  strengths  f*j  is 


8?r  e2 
x*  „  fii* 

•  me 


where  \  is  the  wavelength  corresponding  to  the  transition  i  -*  j,  and  e 
and  m  are  the  electron  charge  and  mass.  Using  this  equation,  the 
emitted  intensity  becomes 


I 


em 


8tr2  e2h 
mX.3 


Since  oscillator  strengths  are  tabulated  in  the  literature,  this  latter 
expression  is  more  useful. 

The  observed  spectral  line  intensities  result  from  a  combination 
of  emission  and  self  absorption.  For  rocket  plume  studies  where  the 
optical  path  is  ljng,  the  self-absorption  can  become  quits  important. 

It  can  be  shown  that  the  observed  intensity  can  be  given  by  an  expression 
which  is  proportional  to  the  emission  intensity  and  the  optical  path 
length  as 


I  =  a  ^em  l  • 


where  a  is  a  proportionality  constant,  and  i  is  the  optical  path  length 
in  the  absorbing  media.  If  gj  refers  to  the  statistical  weight  of  the  i  th 
state,  and  c  is  the  velocity  of  light,  we  have 


1  -  exp 


N0f! 


For  small  values  of  l  this  expression  reduces  to 


(N0  f  t ) 


which  is  the  same  as  that  previously  obtained.  This  expression  allows 
the  analyses  of  plume  thickness  effects  i>y  using  selected  changes  in 
specie  concentrations  obtained  from  carefully  controlled  burner  studies. 


C.  Experimental  Example 

In  order  to  provide  quantitative  data  concerning  the  relative  spe¬ 
cie  concentrations,  it  is  necessary  to  correlate  the  observed  spectral 
intensities  with  those  predicted  from  a  knowledge  of  the  gas  composi¬ 
tions  and  transition  probability  functions.  The  observed  intensity  is  a 
combination  of  thermal  and  chemical  activation  processes  which  pro¬ 
mote  the  molecules  into  higher  excited  states.  In  most  cases  the 
excitation  is  thermal  in  origin  and  therefore  the  concentrations  are 
directly  related  to  the  intensities  providing  the  transition  probability 
function  is  known.  Species  which  were  studied  in  this  research  program 
for  which  chemical  activation  is  important  are  OH,  CO^,  and  HBO^  (?). 
For  chemiluminescence  the  spectral  intensities  will  depend  on  the  spe¬ 
cific  reaction  rates  responsible  for  the  production  of  the  excited  state 
which  may  or  may  not  be  pressure  dependent.  Further,  even  though  the 
specific  rate  constant  and  the  reaction  may  be  known,  there  may  be  an 
undetermined  effect  caused  by  the  fall  off  of  the  kinetic  rate  constant  at 
the  pressure  normally  encountered  in  rocket  chambers. 

An  example  case  which  suffices  to  illustrate  the  feasibility  of 
using  emission  spectra  to  qualitatively  determine  rocket  exhaust  plume 
concentration  gradients  is  given  by  a  series  of  three  tests  performed  on 
this  research  program.  A  series  of  burner  runs  were  made  in  which 
Hybaline  B-3  was  added  to  hydrogen-oxygen  flames  corresponding  to  a 
variation  in  O/F  mixture  ratios.  Spectral  plates  obtained  are  repro¬ 
duced  in  Figure  16.  Theoretical  calculations  predicting  the  relative 
concentrations  under  adiabatic  flame  conditions  are  given  in  Tables  II, 
III,  and  IV,  These  calculations  correspond  to  three  specific  test  runs. 
The  species  which  were  prominent  in  the  visible  end  ultraviolet  spectral 
regions  are  BOz{g)  and  OH(g).  The  relative  equilibrium  ratios  of 
OH/BOz  vary  between  0.  68  and  1.  30  for  this  series  of  tests. 

There  are  two  methods  by  which  this  data  can  be  used  to  provide 
information.  One  is  to  examine  the  variation  of  "absolute"  spectral 
intensities  as  a  function  of  changes  in  O/F  mixture  ratio  and  thermo- 
chemicaily  calculated  concentrations  for  individual  species.  To  pror- 
erly  perform  tins,  the  actual  flame  temperature  should  be  measured. 
This  can  be  done  either  by  optical  pyrometric  methods,  or  by  a  study 
of  the  relative  line  intensities  available  'rom  a  vibrational  analysis  of 
one  or  more  species.  The  second  approach  is  to  correlate  the  ratios 
of  corrected  observed  band  intensities.  A  calculation  using  a  ratio  of 
intensifies  essentially  assumes  that  within  a  given  temperature  rar^e 
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TABLE  “•  THE0RETI“L  THERMOD™««C  COMBUSTION  PROPERTIES  OF  HYBALINE  B-3 


Fuel  H  2 
Fuel  H  13 
Oxidant  O  2 


P.  ATM 
T,  DEG  K 
H,  CAL/G 
S.  CAL/(G)  (K) 
M,  MOL  WT 
CP,  CAL/(G)  (K) 
GAMMA 


Enthalpy 

Cal/Mol 

0.Q00 

-8400.000 

0.000 


BO(g) 

BOjig) 

BtOz(g) 

BjOj(g) 

Be(g) 

B*H(g) 

BeO{g) 

BeOjHjig) 

B«iO,(g) 

BejOj(g) 

BePnig) 

CO(g) 

CO,(g) 

H{g) 

H,(g) 

HBOj(g) 

HjBOj(g) 

HCO(g) 

H2Ofg) 

N(g) 

N»(g> 

NH(g) 

NH,(g) 

NO(g) 

O(g) 

o*(g> 

OH(g) 

PseO(s) 

BeO(l) 

Additional  pruJucts  which 
all  assigned  conditions. 

B,(g)  B1 

CH2(g)  CHAg)  Cl 

NO*(g)  N,0(g)  Nl 

B(.)  33(1) 

Cj(g)  CH(g) 

Hj*304(g)  HCN(g) 

B20,(U  BN(s) 


Wt.  F ration  Enthalov 

,  £^miC>1  Formul*  JSm  Note)  Cal/ Mol  State 

[  0,22000  0.Q00  G 

;  CNBtBe  0.78000  -8400.000  L 

1.00000  0.000  G 

O/F  =  2.470000.  Percent  Fuel  =  28.8184,  Equivalence  Ratio  * 

EQUILIBRIUM  THERMODYNAMIC  PROPERTIES 

0,8320  0.0011 

3051  2353 

K)  "27,1  "27,  1 

4.4456  5.3920 

HO  14,527  12.504 

3,8415  9.0744 

1,  1179  1.0887 

MOLE  FRACTIONS 


0.8320 
3051 
-27. 1 
4.4456 
14.527 
3.8415 
1. 1179 


0,00158  0.00051 

°-0S3«  0.06444 

”■ 00001  0.00000  „  "0'y 

°-°°063  o.ooon  OM 

°-°0056  0.00030  al 

°- 00001  0.00000 

00024  0.00008 

0,00024  0  00004  S'00C 

0  001  <,«!  04  G.Q0C 

'°  1  5  0. 00056  0  nnr 

0.00148  0  00Hq  0,000 

0  000  1  5  119  O.OOG 

' 00015  0.00007 

0,04031  0.03624  0‘04J 

°.  00481  0  m,47  0,042 

0  ns??  0-0056?  0.004 

0,11522  0.20765  0  r.4, 

0. 34033  0  >006 1  0,062 

0  031Q-3  29061  0.362 

' 03392  0,01866  0  0,0 

°-°°0W  0.  ooooo 

01,000  0.00000  „  000l 

0. 10055  0.16118 

00000  0.00000 

°-“2"7  0. 02071 

°* 00000  0.00000  Q  0flC( 

0.00000  0  ft00Q6  0,00CC 

0  00000  0, 0000G  o.cvoc 

0. 00050  0.0010 

0,00733  0.01572  0  002, 

0.00259  0  00502  7 

0  03600  0.00592  0.0010 

0-03609  0.03334  0  028l 

°-00000  0,03650  „S00‘ 

°- 03586  oooooo 

were  considered  but  whose  mole  fractions  were  less  than  0.00005  for 


Temp  Density 
£e£j<  _G/CC 
298.16  0.000000 

298.16  0.650000 

298.16  0.000000 

1.6120 


40.00 
3561 
-27. 1 
3.9292 
15.306 
2.0855 
1. 1396 


0.00204 
0, 03897 
0.00007 
0.00172 
0.00026 
0.00003 
S. 00015 
0,00043 
0.00065 
0.00028 
0.00003 
0.04226 
0,00474 
0.06269 
0.36268 
0.04965 
0.00004 
0.00003 
0.33307 
0.00001 
0.02304 
0.00C01 
O.CvOOl 
0.00103 
0.00279 
0.00100 
0.02819 
0. 00000 
0. 04402 


B*(g) 

CHjtg) 

N,Q(g> 

BCD 

BH(g) 

CH4(g) 

Nj04(g) 

BHj(g) 

CjHjfg) 

C(s) 

BN(g) 

C*H4(g) 

L*(s) 

C{g) 

CN(g) 

Be(l) 

c*fg) 

ctNr(g) 

>1 

CH(g) 

HCN{g) 

BN{s) 

a*-.! 


TABL.E  Zll.  THEORETICAL  THERMODYNAMIC  COMBUSTION  PROPERTIES  OF  HYBALINE  B-3 


Fuel 

Chemical  Formula 

Wt.  Fraction 
(See  Note) 

Enthalpy 

Cal/Mol 

State 

Temp 

Des.K 

Density 

G/CC 

H  2 

0. 17000 

0.000 

G 

298.  16 

0. 000000 

Fuel 

H  13 

0.  83000 

•8400.000 

L 

298.  16 

0.650000 

Oxidant 

O  2 

1.00000 

0.000 

G 

298.  >6 

0. 000000 

O/F  *  2.610000,  Percent  Fuel  =  27.7008,  Equivalence  Ratio  =  1.4284 


EQUILIBRIUM  THERMODYNAMIC  PROPERTIES 


P,  ATM 

0.8320 

0.0011 

40.00 

T,  DEG  K 

3113 

2385 

3676 

H,  CAL/G 

-27.7 

-27.7 

-27.  7 

S,  CAL/(G)  (K) 

4.  1462 

5.0095 

3.6775 

M.  MOL  WT 

15.962 

14,774 

16.922 

CP.  CAL/ (G)  (K) 

4.  1981 

9. 8148 

2.2706 

GAMMA 

1. 1145 

1.0865 

MOLE  FRACTIONS 

1. 1341 

BO(g) 

0.00173 

0.00052 

0.00238 

30,(g) 

0.06646 

0.07553 

0-05284 

0.00001 

0.00000 

0.00005 

3.0C057 

0.00010 

0.00161 

0.00068 

0.00036 

0.00035 

BsH(g) 

0.00001 

0.00000 

0.00003 

B*G  lg) 

0.00039 

0.00011 

0.00029 

BeO^itg) 

0,00027 

0.00004 

0.00049 

0.00241 

0.00086 

0.00311 

BejOj(g) 

0.00203 

0,00176 

0.00042 

Be*0,(g) 

0.00020 

C. 00012 

0.00004 

CO(g) 

0, 84408 

0.03937 

0.04658 

C02(g) 

0,  00654 

0,00742 

0,00665 

«(g) 

0.  12396 

0. 21451 

0.07150 

H,(g) 

0.  27623 

0.23753 

0.29069 

HBQjCg) 

0.03192 

0.01733 

0.04755 

H,BO,(g) 

0.0S0G0 

0.00000 

0, 00004 

HCO(g) 

0.00000 

0.00000 

0.00003 

HjO(g) 

0.30780 

0,26059 

0, 34808 

N(g) 

0.00000 

0.00000 

0.00001 

Ni(g) 

0.02446 

0.02300 

0.02550 

NH{g) 

0.00000 

0.00000 

0,00002 

NO(g) 

0.00169 

0,00079 

0. 00203 

O(g) 

0.01370 

0.02584 

0.00623 

o*(g) 

0,00609 

0.  01184 

0. 00291 

OH(g) 

0.05123 

0.04355 

0.04449 

BeO(e) 

0.00000 

0.  03883 

0.00000 

BeO(l) 

0.03818 

0.00000 

0.04827 

Additional  products  which  were  considered  but  whose  mole  fractions  were  less  than  0,00000?  for 
ail  assigned  conditions. 


B(g) 

B|(g) 

BH(g) 

BH,(g) 

3N(g) 

C(g) 

C,(g) 

CHj(g) 

CHj(g) 

CK4(g) 

C*Ht(g) 

CNjgl 

C,N,{S) 

NH,(g) 

NO,(g) 

NjO{g) 

N,Q«(g) 

C(s) 

B*(s? 

Be(l) 

BN(s) 

B{e) 

B0) 

c,U) 

CH{g> 

H,B,Ot(g) 

HCN(g) 

BtO,(s) 

9,0,0) 
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TABLE  IV.  THEORETICAL  THERMODYNAMIC  COMBUSTION  PROPERTIES  OF  HYBALINE  B-3 


Chemical  7'ormula 

Wt.  Erection 
(See  Note) 

Enthalpy 

Cal/Mol 

State 

Temp 
De«.  K 

Deneity 

G/CC 

Fuel 

H 

2 

0. 07000 

0.000 

G 

295. 16 

0.000000 

Fuel 

H 

13 

CNBaP  „ 

0. 93000 

-8400.000 

L 

298. 16 

0.050000 

Oxidant 

O 

2 

1.00000 

0.000 

G 

298. 16 

0.000000 

O/F  «  8.930000,  Percent  Fuel  =  10.0705,  Equivalence  Ratio  *  0.3607 
EQUILIBRIUM  THERMODYNAMIC  PROPERTIES 


P,  ATM 
T,  DEG  K 
H,  CAL/G 
S,  CAL/(G)(K) 
M,  MCLWT 
CP,  CAL/(G)(K ) 
GAMMA 


BO(g) 

BOa(g) 

®|Oj(g) 

Be(g) 

BeO(g) 

BeOjH^g) 

BejO*\g) 

B«»Oj{g) 

COCg) 

co^g) 

Hig) 

Kz{g) 

HBOjCg) 

BjBO^g) 

HfiO{g) 

Nilg) 

NO(g) 

NOjig) 

O(g) 

Oa(8) 

OH(g) 

BeCKD 


0.3320 
2844 
•  11.3 
2. f 232 
27.499 


C.0011 
2291 
-11.3 
3. 1187 
25.981 


40.00 
3175 
-11.3 
2.  3479 
28.383 


Additional  products  which  were 
all  *  aligned  condition*. 


1.4365 

3. 5674 

0.8486 

1. 1174 

1.0874 

1. 1408 

MOLE  FRACTIONS 

0.00005 

0.00003 

0.00003 

0.05831 

0.06083 

0.05261 

0.00009 

0.00001 

0.00026 

0.00000 

0.00001 

0.00000 

0.00004 

0.00003 

0.00001 

0.00017 

0.00003 

0.00026 

0.00033 

0.00020 

0.00008 

0.00045 

0.00045 

0.00006 

0.00005 

0.00003 

0.00001 

0.00813 

0.01152 

0.00448 

0.02750 

0.02224 

0.03225 

0,01084 

0.04021 

0.00292 

0.01123 

0.02128 

0-00521 

0.C1283 

0.00663 

0.02026 

Q.OGGOO 

0.00009 

0  00003 

0. 26349 

0.22754 

0.28614 

0.0139? 

0.01533 

0.01271 

0.00774 

0,00311 

0.01125 

0.00001 

0.00000 

0.00005 

0.04526 

0. 08876 

0.02070 

0.42987 

0. 39965 

0. *5236 

0.07633 

0.07028 

0.06224 

0,00000 

0.03185 

0.00000 

0.03326 

0.00000 

0.  03o 10 

considered  but  v’Vu 

«e  mole  fraction*  were 

let*  than  0.  000005  for 

B(g) 

Ci(gi 

8e(») 

Blig  / 
CH(g) 
HCN(g) 
Be{l) 

BH(g) 

CHa(g) 

HCO(gi 

BjOj(a) 

BHj(g) 

CHj(g) 

N(g) 

Bf  g) 

CH*(g) 

NH(g) 

EN(») 

BzC,(g) 

NHi(g) 

BeH(g) 

ct%(g) 

NjO(g) 

B  (1) 

C(g) 

CN«g) 

NP«{g> 

c*(g) 

CjNj(g5 

C<») 
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the  parameters  affecting  the  specific  emission  intensities  are  similar 
for  each  species.  This  method  has  the  advantage  of  being  related  more 
closely  to  changes  in  kinetic  processes  via  changes  in  relative  species 
concentrations . 

"Absolute"  spectral  intensities  were  obtained  for  OH(g)  and 
B02(g)  using  spectra  taken  in  the  ultraviolet  and  visible  region.  The 
observed  film  densities  were  then  corrected  for  a  number  of  experi¬ 
mental  and  theoretical  quantities  to  provide  corrected  observed  band 
intensities.  The  correspondence  between  the  observed  band  intensities 
and  O/F  mixture  ratio  is  given  in  Figures  20  and  21  for  OH(g)  and 
B02(g)»  respectively.  Because  of  the  g  jneral  continuum  background 
which  extends  through  much  of  the  visible  region,  the  lower  BQ2(g) 
fluctuation  bands  were  used  in  order  to  reduce  the  experimental 
uncertainty. 

A3  can  be  seen,  there  is  a  reasonable  correspondence  between 
the  observed  and  calculated  values.  An  estimate  of  the  experimental 
error  is  given  by  the  bar  line  values  for  the  experimental  points.  Using 
the  ratio  method,  a  plot  of  observed  intensities  for  three  O/F  mixture 
ratios  was  made  for  the  OH/BOj  system,  Figure  L2.  In  this  plot,  the 
theoretically  calculated  intensity  variations  are  given  together  with  the 
experimental  values.  These  results  show  a  good  correspondence  be¬ 
tween  the  predicted  and  experimental  observations.  For  this  system, 
the  predicted  ra*io  of  intensities  changes  by  a  factor  of  2  over  the  range 
of  study,  and  the  observed  intensity  ratios  at  the  high  and  low  ends  of 
the  O/F  ratio  curve  reflect  this  difference.  For  the  purpose  of  a  quali¬ 
tative  description  of  concentration  changes,  these  results  indicate  that 
emission  spectroscopy  can  be  used  to  provide  useful  information.  With 
more  precise  optical  measurements,  it  may  be  possible  to  provide  sig¬ 
nificant  kinetic  rate  data  for  intermediate  species. 

These  results  indicate  the  feasibility  of  using  changes  in  spec¬ 
tral  emission  characteristics  of  r<  cket  plumes  for  at  least  qualitative 
analysis  of  the  exhaust  products  in  "real  time."  A  similar  comparison 
can  be  made  using  data  obtained  in  the  infrared  region,  vut  because 
simultaneous  observation  could  not  be  easily  performed  with  present 
instrumentation,  correlations  between  B02(g)  and  H20,  B02(g)  and  C02, 
and  B02(g)  and  HBOz  were  not  made  on  this  program  It  is  believed 
that  from  careful  analysis  using  a  band  and  line  summation  method, 
quantitative  data  may  be  obtained.  One  of  the  more  interesting  possi¬ 
bilities  is  using  the  5.  5  6.0  micron  emission  band  of  HB02(g)  together 
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Figure  20.  Correlation  of  Band  Intensity  with  O/F  and  Calculated 
Concentrations  of  Hydroxyl  Radical 


Theoretical  Concentration 

Observed  Band  intensities  (Corrected) 


Figure  21.  Correlation  of  Band  Intensity  with  O/F  and  Calculated 
Concentrations  of  BOz(g) 


Calculated 


with  the  B02{g)  fluctuation  bands  to  follow  the  extent  of  HB02(g)  forma¬ 
tion  under  conditions  of  fuel-rich  combustion.  This  would  have  specific 
application  to  air-augmented  boron-fueled  ramjets. 

D.  Combustion  Model 

The  combustion  efficiency  of  Hybaline  B-3  fueled  rockets  is  con¬ 
siderably  below  that  observed  for  other  rocket  propellant  systems. 
Therefore,  one  of  the  purposes  of  this  program  was  to  attempt  to  find 
methods  suitable  for  determining  the  species  concentrations  at  selected 
combustion  environmental  conditions.  To  do  this,  a  preliminary  at¬ 
tempt  was  made  to  formicate  a  model  capable  of  ^escribing  the  physical 
and  chemical  factors  important  to  the  pyrolysis  and  combustion  of 
Hybaline  B-3  fueled  propellant  systems.  At  the  present  time  th’s  model 
is  -uite  speculative,  being  based  on  fiagmentary  evidence  obtained  on 
this  program  together  with  observations  from  other  laboratories. 


In  brief,  it  is  proposed  that  the  pyrolysis  of  the  atomized  fuel  is 
the  first  rate  limiting  step.  It  is  probable  that  the  pyrolysis  of  Hybaline 
B-3  proceeds  through  a  thermal  decomposition  to  form  diborane,  since 
this  decomposition  has  been  observed  to  cccur  in  the  storage  and  ther- 
malization  of  Hybaline  B-3.  Because  the  temperature  in  the  immediate 
region  of  the  droplet  cannot  substantially  exceed  that  of  the  liquid  drop¬ 
let,  it  would  be  expected  that  low  temperature  reaction  products  would 
be  formed.  A  second  step  would  involve  the  thermal  decomposition  of 
diborane  to  form  B(c)  and  hydrogen  gas.  Because  the  diffusion  rate  of 
the  hydrogen  is  relatively  rapid,  it  would  be  expected  that  the  combus¬ 
tion  zone  located  at  some  distance  from  the  droplet  surface  would 
effectively  consist  of  a  hydrogen-oxygen  reaction  producing  water.  In 
this  model  in  the  steady  state,  the  oxidation  of  the  metals  boron  and 
beryllium  would  tend  to  take  place  by  a  high  temperature  hydrolysis 
reaction  rather  than  by  a  direct  oxidation.  Conditions  like  these  would 
Drovide  relatively  high  concentrations  of  hydrogen  and  boron,  and  thus 
tend  to  favor  the  production  of  polymeric  boron  oxides  possibly  linked 
together  by  beryllium  bridging  structures.  These  conditions  would  be 
close  to  those  used  for  high  temperature  mass  spectral  equilibrium 
studies  by  Sholette  and  Porter  (23).  These  postulations  would  also  ex¬ 
plain  the  possible  production  of  a  hydrated  polymeric  structure  capable 
of  emitting  at  wavelengths  past  4.  5  microns  in  the  infrared  region. 
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A  comment  is  in  order  concerning  the  types  of  poiyme 
of  boron  oxide  expected  from  these  r#  action  conditions. 


’  c  struc- 
The 


41 


f 


1 


1 


thermal  stability  of  the  trimer  (HBO)3  is  relatively  high  providing  the 
concentration  of  oxygen  is  above  a  critical  minimum  value.  However, 
for  a  droplet  burning  mechanism  in  which  the  initial  pyrolysis  produces 
hydrogen  and  boron  more  or  less  directly,  the  formation  cf  boroxine 
would  be  expected  rather  than  the  more  highly  oxidized  species.  From 
a  chemical  structures  point  of  view,  this  trimer  H3B3O3  is  but  one  of  a 
number  of  possible  reaction  products,  the  others  including  primarily 
the  hydroxyboroxines  and  their  polymers.  Thus,  for  fuel  rich  environ¬ 
ments  such  as  those  surrounding  the  droplet,  the  production  of  boroxines 
and  derivatives  thereof  would  be  predicted.  Because  of  the  increased 
thermochemical  stability  of  B202  and  HB02,  the  production  of  these 
latter  compounds  would  be  expected  to  occur  as  an  afterburning  in  an 
oxidizing  atmosphere.  Since  boroxine  possesses  considerable  kinetic 
metastability,  it  would  be  expected  a  high  activation  energy  would  be 
required  to  produce  the  thermochemically  calculated  equilibrium  dis¬ 
tribution  of  reaction  products.  Therefore,  its  existence  could  possibly 
account  for  many  of  the  observed  kinetic  losses  present.  A  polymer¬ 
ized  form  of  boroxine  involving  a  beryllium  linkage  would  be  expected 
to  occur  as  a  reaction  intermediate. 


The  infrared  absorption  spectrum  of  boroxine  has  been  investi¬ 
gated  by  Wason  and  Porter  (22),  and  is  presented  in  Table  V, 


TABLE  V.  INFRARED  SPECTRUM  OF  BOROXINES 


Boroxine 


Deute rated  rsoroxine 


Frequency  {cm  ) 


Intensity 
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No  data  were  available  on  the  emission  spectra  in  either  the  in¬ 
frared  or  visible  regions  for  boroxine,  and  the  reaction  precursors  of 
the  boroxine  derivatives  are  not  known.  However,  estimates  of  the 
infrared  emission  band  locations  and  their  relative  strengths  can  be 
made  using  the  above  table.  The  expected  major  spectral  emission 
bands  are  estimated  to  be  at  about  3. 8  and  7.  2  microns.  Since  the  in¬ 
strumental  infrared  cut-off  point  for  these  studies  was  about  6.3  -  6.5 
microns,  the  7.  2  micron  bands  could  not  be  observed  directly.  Exami¬ 
nation  of  the  spectrum  presented  in  Figure  6  shows  a  weak  emission 
band  in  the  3. 8p  region.  Because  of  overlap  with  the  2.  7p  peak  of  COz 
only  a  tentative  identification  is  possible.  Although  the  expected  band 
is  relatively  strong,  the  emissivity  may  be  low  because  of  relatively 
low  overall  concentration  levels.  If  this  peak  is  related  to  the  exis¬ 
tence  of  a  metastable  boroxine  molecule,  there  would  be  two  degrada¬ 
tion  effects  on  specific  impulse.  The  specific  impulse  would  be  reduced 
because  of  reduced  thermochemical  energy  and  because  ox  an  increase 
in  the  average  molecular  weight  of  the  propellant  gas  stream. 

It  is  becoming  more  apparent  that  the  fundamental  chemistry  of 
the  precursor  and  metastable  species  is  not  understood,  and  that  impor¬ 
tant  parts  of  the  infrared  emission  spectrum  from  Hybaiine  B=3  fueled 
flames  may  result  from  emissions  from  these  intermediate  species. 
Additional  experimental  studies  involving  Hybaiine  B-3  augmented, 
deuterium-oxygen  flames  are  suggested  for  the  future  to  determine 
whether  the  expected  strong  shift  from  deuterium  substituted  boroxine s 
can  be  observed. 


Intermediate  Pyrolysis  Products 


One  of  the  observations  which  has  been  made  during  the  course 
of  Hybaiine  B-3  flams  studies  is  that  there  is  a  soot  produced  in  most 
cooler  flames.  These  particles  consist  of  light-weight  brownish  white 
solid  combustion  products.  They  are  produced  in  the  lower  ilame  re¬ 
gions  and  traverse  more  or  less  unmodified  through  the  hotter  combus- 

O' 

lion  zones.  The  interest  in  these  particles  stems  from  the  tact  that  they 
may  repress  an  intsrmetiiate  reaction  species  tnrougn  wmen  the 
Hybaiine  B-3  must  pass  be  ire  reaching  thermochemical  equilibrium 
conditions.  A  knowledge  of  these  intermediate  species  is  important  in 
outlining  the  chemical  mechanisms  governing  the  combustion  inefficien¬ 
cies  in  rocket  propellants  containing  boron  and  beryllium  compounds. 
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An  analysis  of  the  chemical  composition  of  these  particles  was  attempted 
in  order  to  determine  the  structure  of  these  soots.  The  results  of  these 
analyses  are  inconclusive,  although  some  tentative  and  speculative  con¬ 
clusions  can  be  reached. 

Two  samples  of  "soot11  formed  in  a  Hybaline  B~3  -  air  diffusion 
flame  were  subjected  to  X-ray  analysis  to  determine  chemical  structure. 
One  sample  was  taken  from  a  residue  obtained  from  the  slow  air  oxida¬ 
tion  of  Hybaline  B-3.  This  sample  had  no  detectable  line  structure, 
indicating  a  fully  amorphous  material.  The  second  sample  was  taken 
from  the  upper  region  of  the  flame  zone.  This  material  had  limited  line 
structure,  but  no  positive  identification  could  be  made  with  the  known 
oxides,  nitrides,  or  carbides,  of  either  boron  or  beryllium.  The  indi¬ 
cations  are  that  an  ordered  but  largely  amorphous  material  is  present. 

A  second  series  of  samples  was  submitted  to  Coors  Analytical 
Laboratory  for  analysis  using  arc  spectrographic  and  wet  chemical 
methods  of  analysis.  The  results  of  these  analyses  are  presented  in 
Table  VI  for  three  different  types  of  samples. 

TABLE  VI.  COMPOSITION  OF  SOOT  FORMED 


IN  COMBUSTION  OF  HYBALINE  B-3 

A 

B 

C 

"Soot” 

Slow  Air 

Ash 

Arc 

Wet 

Reaction  Arc 

Resioue  Wet 

Spectra 

Chemical 

Spectra 

Chemical 

Beryllium 

2% 

4% 

1% 

20.  0% 

Boron 

2% 

9.  36% 

5% 

14.  3% 

Carbon 

7.  8% 

— 

9.35% 

— 

Nitrogen 

-  -  - 

— 

0.  005% 

— 

Sample  A  was  "soot"  obtained  from  a  location  abmit  six  inches  above 
the  top  surface  of  the  flame.  This  sample  consists  of  flu.fy  particles 
which  originate  below  the  actual  combustion  zone  and  which  traverse 
the  high  temperature  regions.  Sample  C  consisted  of  the  residue  ash 
obtained  from  an  injector  head  dispersing  the  liquid  Hybaline  B-3  into 
a  high  temperature  hydrogen -oxygen  flame  Sample  B  was  obtained 
from  the  residue  formed  by  Hybaline  B-3  upon  air  contact  at  room 
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temperature.  It  is  apparent  from  a  comparison  of  the  values  obtained 
by  the  two  analysis  methods  used  on  the  soot  that  there  is  some  incon¬ 
sistency  in  the  results.  This  inconsistency  is  probably  due  to  the  fact 
that  the  arc  spectrographic  techniques  are  usually  used  for  trace 
amounts  rather  than  concentrations  in  the  one  percent  or  greater  range. 
However,  this  method  should  be  able  to  provide  valid  results  for  con¬ 
centrations  up  to  four  percent. 


Assuming  that  the  wet  chemical  method  provides  reasonably  cor¬ 
rect  analytical  results,  it  is  useful  to  estimate  the  composition  of  the 
mixture.  For  this  purpose  it  is  also  assumed  that  the  carbon  content 
as  determined  spectroscopically  is  correct  since  a  carbon  analysis  was 
not  performed  for  the  wet  chemical  analyses.  If  a  fully  oxidized  metal 
content  is  assumed,  i.e.  ,  the  sample  is  a  mixture  of  beryllium  oxide 
and  boron  oxides,  then  the  maximum  oxide  weight  attributable  to  the 
beryllium  and  boron  is  6.6  and  20.  5  percent,  respectively.  However, 
this  yields  a  total  sample  weight  of  only  48  percent  of  the  sample  sub¬ 
mitted.  A  possible  gain  of  a  few  percent  could  be  obtained  by  allowing 
some  carbonate  formation  but  no  major  change  can  be  made  in  the  con¬ 
clusion  that  roughly  fifty  percent  of  the  sample  is  unaccounted.  From 
the  spectroscopic  analysis  it  is  certain  that  no  significant  amounts  of 
other  metals  are  present,  a  result  which  would  be  expected  from  the 
chemical  composition  of  the  fuel  and  oxidizer.  While  the  precision  of 
analysis  is  somewhat  questionable,  it  is  very  improbable  that  the  re¬ 
ported  wet  chemical  results  are  in  error  by  more  than  ten  to  twenty 
percent. 


The  tentative  conclusion  indicated  by  these  results  is  that  the 
remainder  of  the  sample  must  be  composed  largely  of  water.  Boron 
forms  a  great  variety  of  stable  hydrates  which  would  be  expected  to 
condense  under  the  lower  temperature  conditions  in  the  air  diffusion 
.Uame.  The  most  likely  prospect  is  that  a  molecule  such  as  metal, oric 
acid  could  be  formed  from  the  polymerization  of  HBO;  to  form  a  basic 
trimeric  structure.  In  this  quite  speculative  view,  a  hyba’  ne  droplet 
would  oxidize  to  form  a  flexible  exterior  oxide -hydroxide  sheath.  The 
combustion  reaction  would  require  both  the  diffusion  of  hydrogen  formed 
by  a  pyrolytic  decomposition  of  diborane  in  the  interior  section  of  the 
droplet,  and  the  counterdiffusion  of  oxygen  from  the  exterior  section  of 
the  droplet.  A  reaction  to  form  water  would  therefore  occur  in  close 
proximity  to  a  solid  hygroscopic  surface.  A  mechanism  of  this  type 
would  account  for  the  extern  of  hydration  which  implicitly  occurs  it  the 
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above  analytical  procedures  are  reasonably  accurate.  At  higher  flam- 
temperatures  partial  dehydration  of  the  hydrates  would  be  expected. 
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IV.  SUMMARY  AND  CONCLUSIONS 


A.  Summary 

During  this  research  program  analytical  and  experimental 
studies  were  performed  in  order  to  develop  a  "real  time"  spectro- 
graphic  method  suitable  for  determining  the  extent  of  chemical  and 
thermal  equilibrium  present  in  Hybaline  B-3  fueled  combustion  reac¬ 
tions.  Such  studies  are  necessary  in  order  to  verify  that  correct 
thermochemical  data  have  been  utilized  in  shifting  and  frozen  equilib¬ 
rium,  specific  impulse  calculations.  The  method  which  was  developed 
relied  on  the  use  of  the  observed  emission  spectra  eminating  from 
specific  gaseous  species  using  Hybaline  B-3  fueled  burners.  The 
species  observed  in  emission  were  BOz(g),  OH(g),  COz,  CO,  and  HzO, 
Data  were  obtained  in  all  three  major  spectral  regions;  i.e.  ,  the  in¬ 
frared,  the  visible,  and  the  ultraviolet.  A  qualitative  correlation  was 
made  between  theoretical  predicted  values  of  species  concentrations  and 
observed  spectral  band  intensities  Combustion  conditions  were  chosen 
to  simulate  those  present  in  a  fuel  rich  environment  similar  to  that  of 
an  operating  rocket  engine.  For  this  purpose  it  was  assumed  that 
normal  oxidizers  for  Hybaline  B-3  would  be  either  hydrogen  peroxide 
or  nitrogen  tetroxide.  Because  of  experimental  convenience  these 
studies  were  performed  using  a  burner  operated  at  ambient  pressure. 

An  analysis  of  the  spertra  in  each  of  the  regions  was  used  to 
provide  information  concerning  the  presence  of  a  number  of  specific 
combustion  species.  For  a  number  of  reasons,  only  those  species 
which  have  a  high  transition  probability  can  be  observed  in  flames  and 
plumes.  Therefore,  the  observable  species  constitute  only  a  small 
fraction  of  the  total  number  of  chemical  entities  present.  A  major 
consideration  for  combustion  systems  which  produce  substantial  amounts 
of  condensed  species  such  as  BeO  and  B203  is  whether  the  specific 
emission  associated  with  an  individual  specie  can  be  separated  from 
the  overall  grey  body  emission  from  the  solid  parades  The  results 
of  this  program  indicate  that  this  separation  can  be  accomplished  for 
BGK(g)  in  the  visible,  OH(g)  in  the  ultraviolet,  and  HB02( ?)  or  B202  in 
the  infrared.  However,  grey  body  emission  and  broad  bands  limit  the 
precision  to  which  specific  band  or  line  spectra  may  be  measured. 
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Conclusions 


B. 


The  spectrographic  techniques  developed  on  this  program  are 
feasible  for  determining  the  "real  time"  kinetic  behavior  of  Hybaline 
B-3  fueled  rocket  combustion  gases.  The  major  advantages  of  this 
method  are  (1)  that  no  perturbation  of  the  system  is  caused  by  the  sam¬ 
pling  of  the  reaction  prod  ucts,  and  (2)  that  no  subsequent  reactions 
interfere  with  the  analysis.  This  technique  is  adaptable  to  any  pro¬ 
pellantusing  beryllium  and  boron  either  as  slurries  on  in  compounds. 

The  results  of  this  research  program  indicate  that  sufficient 
specific  emission  ^  cars  in  the  infrared,  visible,  and  ultraviolet  spec¬ 
tral  regions  to  aliov  an  analysis  of  the  relative  concentration  of  at 
least  four  chemical  species.  These  species  are  BOz(g),  OH,  COz,  and 
HzO.  HB02  may  possibly  be  a  fifth  specie  capable  of  detection.  Ob¬ 
served  intensity  ratios  can  be  combined  with  theoretically  predicted 
thermochemical  data  to  aid  in  the  determination  of  the  existence  of 
metastabie  species,  and  to  follow  the  kinetic  course  of  high  temperature 
reactions . 

The  solid  products  of  reaction  are  not  a  combination  of  pure 
BeO(s)  and  B203(s).  It  is  concluded,  tentatively,  that  Jiese  solids  con¬ 
tain  substantial  fractions  of  hydrogen,  either  in  the  form  of  wafer  of 
hydration  or  as  chemically  stable  intermediate  compounds.  Any  hy¬ 
drogen  chemically  bound  in  this  manner  will  substantially  lower  the 
specific  impulse  by  increasing  the  average  molecular  weight  of  the 
propellant  gases,  and  by  reducing  the  thermochemical  heat  of  reaction. 
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APPENDIX  I  -  MAJOR  SPECIES 


APPENDIX  I  -  MAJOR  SPECIES 


APPENDIX  IA.  SPECTRAL  CHARACTERISTICS  OF  SELECTED 
MAJOR  COMBUSTION  PRODUCTS 


Species 

Visible  (A) 

IR  (cm-1) 

CO 

3911 

4557 

4932 

2198 

1596 

4154 

::?7 

4981 

2170 

1576 

4260  max. 

4654 

5026 

2134 

1558 

4344 

4659 

5129 

2133 

1516 

4413 

4769 

5169 

2112 

1326 

4485 

4798 

5278 

2082 

1218 

4528 

4896 

5318 

1739 

1138 

5430 

1620 

1097 

co2 

4978 

1343 

3715 

667 

2349 

h2o 

(5692 

8227 

9378 

weak  i 

1  ^ 

8228 

9381 

1^161 

8274 

9387 

absorption 

8162 

8282 

9427 

8165 

8288 

9428 

8170 

8992 

9438 

8177 

9000 

9440 

8189 

9344 

9460 

« 

8193 

9372 

9461 

533  f 

8198 

9522 

3756 

9545 

3657 

>  gas 

1595, 

emission 

4216 

7165 

3445*1 

i 

4337 

8097 

3219?  liquid 

4587 

8916 

1627) 

4731 

9277 

5126 

9333 

5480 

9669 

OH 

9500 

3735 

3181 

22 1C 

660 

5  3 


APPENDIX  IA  (Continued) 


Species 

Visible 

(A) 

IR  (cm 

*}■ 

OH 

2955 

1986 

Be 

3455 

3865 

3515 

4408 

3736 

4573 

3813 

5908 

Be+ 

4674 

BeH 

4981  h 

4991  Q 

2133 

4983  Q 

5508  h 

2088 

498  j  0. 

4988  h 

5537  h 

2057 

BeH+ 

2385-3082 

2222 

1476 

*BeO 

4427 

5076 

7955 

1487 

4452 

5095 

8206 

1371 

4475 

5112 

8469 

1144 

4496 

6287 

8713 

1082 

4708 

6344 

9003 

1016 

4733 

6524 

9648 

4755 

7325 

10300 

5054 

7953 

10800 

11200 

BeOH 

bend 

1000-770 

3740 

1525 

1276 

BeN 

1194 

stretch 

850-650 

BeQ 

1947 

1580 

j  ^  n 

4c  j 

B  (ultraviolet) 


APPENDIX  LA  (Continued) 


Species 


BH 


HBO 


*hbo2 


Visible  (A)  IR  (cm  ) 


3179 

3451 

3662  R 

4332  Q 

2400 

3694  Q 

4367  Q 

2366 

4264  R 

4434  Q 

2344 

4319  R 

2230 

bend  1000*970 
2300 
1900 
700 

3680  1250 

2030  700 

1420  600 


*BO 


*bo2 


Q 


P 

combination 
upper  (3 


3338 

3849 

4586  stretcK2100-900 

3511 

4017 

4589 

3525 

4035 

4613 

1885 

3  527 

4037 

4615 

1280 

3662 

4143 

4744 

1261 

3678 

4146 

4747 

3679 

4339 

5040 

3828 

4342 

5548 

3830 

4363 

5552 

3847 

4366 

2200- 

3400 

4577- 

5916  weak 

5361 

5777 

5395 

57  81 

5479 

5790 

4520 

5800 

O-B-O 

stretch  900- 

600 

4710 

6030 

4930 

6200 

2080 

570 

5180 

6390 

2065 

565 

5450 

1910 

435 

1890 

285 

610 

215 

55 


APPENDIX  IA  (Continued) 


Species 

Visible  (A) 

IR  (cm* 

l) 

*b2o9 

2095 

730 

2073 

521 

2041 

480 

1302 

460 

124C 

457 

746 

172 

BN 

2900-3250  singlet 

1515 

3400-4000  triplet 

1317 

stretch  850-650 

BC  1350-1300 

BNring^Borazole)  1473-1373 

Boron  -  amine  complex 


B3N3H6? 


1100 


APPENDIX  IB.  COINCIDENCE  TABLE  FOR  SELECTED  MAJOR 
.  COMBUSTION  PRODUCTS  IN  THE  VISIBLE  REGION 


3451  -  B+ 

4485  -  CO 

5180  -  B02 

3455  -  Be 

4496  -  BeO 

5278  -  CO 

3511  -  BO 

457.0  -  BOz 

5318  -  CO 

3515  -  Be 

4528  -  CO 

5361  -  BO 

3525  -  BO 

4557  -  CO 

5395  -  BO 

3527  -  BO 

4573  -  Be 

5430  -  CO 

3662  -  BH,  BO 

4577  -  CO 

5450  -  B02 

3678  -  BO 

4586  -  BO 

5479  -  BO 

3679  -  BO 

>  BN  4587  -  H2Oe 

5480  -  H2Oe 

3694  -  BH 

4589  -  BO 

5508  -  BeH 

3736  -  Be 

4613  -  BO 

5537  -  BeH 

3813  -  Be 

4615  -  BO 

5548  -  BO 

3828  -  BO 

4654  -  CO 

5552  -  BO 

3830  -  BO 

4659  -  CO 

5777  -  BO 

3847  -  BO 

4674  -  Be+ 

5781  -  BO 

3849  -  BO 

4708  -  BeO 

5790  -  BO 

3865  -  BO 

4710  -  B02 

5800  -  BOz 

3911  -  CO 

4731  -  H2Oe 

5908  -  Be 

4017  -  BO 

4733  -  BeO 

6030  -  BO 2 

4035  -  BO 

4744  -  BO 

6200  -  BOz 

4037  -  BO 

4747  -  BO 

6287  -  BeO 

4143  -  BO 

4755  -  BeO 

6344  -  BeO 

4146  -  BO 

4769  -  CO 

6390  -  B02 

4154  -  CO 

4798  -  CO 

6524  -  BeO 

4216  -  HzOe 

4896  -  CO 

7165  -  H2Oe 

4260  -  CO 

4930  -  BO, 

7325  -  BeO 

4264  BH 

4932  -  CO 

7953  -  BeO 

4319  -  BH 

4981  -  BeH 

8097  -  H2Oe 

4332  -  BH 

.983  -  BeH 

8206  -  BeO  ^ 

4337  -  H*Oe 

4986  -  BeH 

8469  -  BeO 

4339  -  730 

4988  -  BeH 

8713  -  BeO 

4342  -  BO 

4991  -  BeH 

8916  -  HzOe  > 

4344  -  CO 

5026  -  CO 

9003  -  BeO 

4363  -  BO 

5040  -  30 

9277  -  H2Oe 

4366  -  BO 

5054  -  BeO 

9333  -  H2Oe 

4367  -  BH 

5076  -  BeO 

9500  -  OH  -) 

-4  08  -  Be 

5095  -  BeO 

9648  ~  BeO 

4413  -  CO 

5112  -  BeO 

9669  -  H2Oe 

442?  -  BeO 

5126  -  H2Oe 

10300  -  BeO 

4434  -  BH 

5129  -  CO 

10800  -  BeO 

Ait?  _ 

5169  -  CO 

11200  -  BeO 

APPENDIX  IB  {Con  inued) 
INFRARED  COINCIDENCE  TABLE 


5331  -  HjO(g) 
4978  -  C02 
3756  -  HjO(g) 
374C  -  BeOH 
3735  -  OH 
3715  -  C02 
3680  -  HB02 
3657  -  H^O(g) 
3445  -  HjOd) 
3219  -  HjOd) 
3181  -  OH 
2955  -  OH+ 
2400  -  BH 
2366  -  BH 
2349  -  C02 
2344  -  BH 
2300  -  HBO 
2230  -  BH 
2222  -  BeH+ 
2210  -  OH 
2193  -  CO 
2170  -  CO 
2134  -  CO 
2133  -  CO,  BcN 
2112  -  CO 
2095  -  BjQs 
2088  -  BcH 
2002  -  CO 
2080  -  BzOz 
2073  -  B*C3 
2065  -  B £>i 
2057  -  BeH 
2041  -  Bjp} 
2030  -  HBC2 


1986  -  OH+ 

noo  -  b3n3h6 

1947  -  BeC2 

1097  -  CO 

1910  -  B 

1082  -  BeO 

1900  -  HBO 

1016  -  BeO 

1890  -  Bg)z 

1000-970  -  BeOH,  HBO 

1885  -  BO 

r  746  -  BzOj 

1739  -  CO 

BeN, 

V 

1  730  -  BzOj 

1627  -  HzOd) 

1  BN  ' 

|  700  -  HB02,HBO 

1620  -  CO 

!  667  -  C02 

1596  -  CC 

L  860  -  OH 

1595  -  Hj sO(g) 

610  -  B202 

1580  -  BeC2 

600  -  HBOz 

1576  -  CO 

570  -  B202 

1558  -  CO 

565  -  B2Oz 

1525  -  BeOH 

• 

521  -  B203 

1516  -  CC 

480  -  BzQj 

1515  -  BN 

460  -  3*0* 

1487  -  BeO 

.€W 

457  -  BzOj 

1476  -  BeH+ ] 

435  -  Bz02 

1420  ~  HBOz 

>  BN  ring 

423  -  BeC2 

1371  ~  BeO  J 

285  -  Bz02 

1343  -  COz  * 

215  -  B202 

1326  ~  CO 

>  BC 

172  -  BjPj 

1317  -  BN 

JLJ  V 

1302  -  3,Oj  _ 

1280  -  BO 

1276  -  BeOH 

1261  -  BO 

12b0  -  HBOz 

1240  -  BjOj 

1218  -  CO 

1194  -  BN 

1144  -  BeC 

1138  -  CO 

-B-O 
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APPENDIX  IC.  MOLECULAR  SPECTRUM  OF  BORON 
DIOXIDE  (Bn02)  IN  FLAMES 


Spectral  Term  Symbols 


Band  Head 

and 

Energy  Levels 

Wavelengths 

Vib.  Quantum  Numbers 

(In  ev) 

Intensity 

(in  A) 

Lower 

U  pper 

Lower 

Upper 

X 

B 

6 

4051. 9 

01102z'+) 

oiVn,i 

Z 

0  052 

3.  Ill 

5 

4057. 2 

OlVAa 

cz 

O^O^jI 

0.  057 

3.111 

10 

4065. 5 

oo°o2n,i 

lz 

00°02Z+ 

0.018 

3.048 

5 

4081. 5 

Cl^Aji 

1  2 

01  *0*11.1 

4  c 

0.  075 

J.  ill 

10 

4090. 6 

oo0o2n0i 

2 

00°02Z+ 

0 

3.048 

X 

A 

5 

1162. 9 

oo°o2n!i 

02°2znil 

0 

2.  977 

4 

4168.9 

oo°o2n0i 

02°2zn0I 

0.  018 

2.991 

2 

4302. 6 

oo°o2n,i 

*2 

26°02n1I 

0 

2.  881 

1 

4305. 1 

oo°o2n0i 

2 

26°02n0i 

2 

0.  018 

2.  897 

2 

4335. 0 

oi!c  ztM> 

0ii222(+) 

0.  052 

2.  911 

2 

4335. 4 

2 

4340. 0 

OiVa*! 

Lz 

01122Azi 

Lz 

0.  057 

2.  912 

7 

4340. 5 

ooVilj. 

2 

oo°22nIi 

1  2 

0 

2.  855 

1 

4348.  1 

0 1 102A1_1 

2 

01l2*A4J 

0.  075 

2.  926 

7 

4349. 0 

ooco2n0i 

oo°22n0i 

0.  018 

2.  868 

1 

4496. 8 

ou°o2nji 

2 

24VlTii 

0 

2.  756 

1 

4502. 5 

oo°o2n0j. 

24°02n0i 

0.  018 

2.  771 

1 

1  "r3. 0 

oo°o2n1| 

i6°o2nji 

2 

0 

2.  752 

1 

4506. 1 

oo°o2n0i 

% 

*. 

i6°o2n0i 

2 

0.  018 

2.769 

1 

4685. 8 

ooVriji 

22°02nji 

1  2 

0 

? .  645 

2 

4694. 8 

oo°o2nc.i 

22°02H(>I 

0.018 

2.  658 

4 

4719. 5 

ooVriji 

Z 

liViiji 

0 

2.  62^ 

[ 
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APPENDIX  IC  (Continued) 


Spectral  Term  Symbols 


Band  Head 

and 

Energy  Levels 

Wavelengths 

Vib.  Quantum  Numbers 

(in  ev) 

Intensity 

(in  A) 

Lower 

Up 'per 

Lower 

U  ppe  r 

X 

A 

3 

4727. 3 

oo°o2n0i 

2 

i4°o2n0i 

0.018 

2.640 

2 

4881.0 

01 

21102E^) 

0.052 

2.590 

2 

4882.  1 

2 

4891.6 

0i102A2l 

21102A2| 

0.057 

2.590 

2 

4891.8 

oo°o2n,i 

£ 

i22o2n[|) 

0 

2.  534 

1 

4900. 0 

01l02Aij. 

21l0zAil 

0.075 

2.605 

7 

4906.9 

ooVnij 

i2°o2n[|) 

0 

2.  526 

6 

4917.0 

oo°o2n0i 

2 

I2°02n^} 

0.018 

2.539 

7 

4929.3 

ooViiii 

2oVn^ 

0 

2.  514 

2 

4932.5 

oo°o2nii 

o42o2n!|) 

0 

2.513 

7 

4941.3 

oo0o*n0j 

2oVn0i 

2 

0.  018 

2.526 

4 

4955.9 

oo°o2n0i 

i22o2nk* 

0.  018 

2.  519 

5 

4965.4 

OoVlIj.1 

2 

04°o2nSl) 

0 

2.495 

5 

4973.6 

oo°o2n0i 

04°02noi) 

0.  018 

2.  509 

*■> 

4997. 5 

oo°o2n0i 

2 

042o2jiJ|) 

0.018 

2.499 

0 

5118. 7 

oiVz^ 

llVs^ 

0.  052 

2.473 

2 

5127. 7 

02202llil) 

i2zo2nil) 

0.  102 

2.  519 

5 

5144.6 

OlVz^ 

h1o2e(4) 

0.  052 

2.460 

5 

5143. 9 

5 

5156. 3 

OIVAjI 

1  l102A2i 

0.  057 

2.460 

■;4 
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APPENDIX  IC  (Continued) 


Spectral  Term  Symbols 


Band  Head 

and 

Energy  Levels 

Wavelengths 

Vib.  Quantum  Numbers 

(in  ev) 

Intensity 

(in  A) 

Lower 

Upper 

L^wer 

Upper 

X 

A 

4 

5157.7 

oo^llji 

2 

022o2na 

0 

2.403 

4 

5166. 1 

oi1o*Ai;, 

ii'o2a,‘ 

0.  075 

2.473 

8 

5168. 8 

oo°o2n,i 

Ct 

10  Vllii 

2 

0 

2.  **96 

8 

5180.7 

oo°o2n<a 

a 

io°o2n0i 

0.018 

2  4i0 

4 

5182. 5 

OlVs^ 

03l02E^ 

0.  052 

2.443 

4 

5183.5 

8 

5196.  1 

ooVna 

£• 

02°o2na 

0 

2.368 

8 

5207. 2 

00®02nc: 

V  2 

02°o2n0i 

0.  018 

2.398 

4 

5229.0 

oo°o2n0i 

6 

02222n5l) 

2 

0.  018 

2.389 

L> 

5403. 8 

01l02S(+) 

01102E(“) 

0.052 

2.345 

2 

5407.  2 

022o2nil} 

022o2ny 

4 

5420. 7 

0.  102 

2.389 

6 

5436. 0 

01l02sW 

OlVE^ 

0.  052 

2.332 

6 

5437.5 

6 

5447.  1 

oi1o2a2i 

01 l02A2i 

0.  057 

2.332 

10 

5456. 8 

ooco2n!i 

2 

oo°o2na 

0 

2.  271 

4 

5460. 1 

OlVAa 

01102Aji 

0.075 

2.344 

5468. 2 

io°o2n0i 

io°o2n0i 

0.  152 

2. 

10 

5470. 9 

oo°o2n0i 

2 

oo°o2n0i 

0.  018 

2.  283 

1 

5766. 5 

ni02s(+) 

oi1o2e^ 

0.  183 

2.332 

1 

5767.4 

0 

5782.  3 

nlo2&a 

oi^Aa 

0.  188 

2.  332 

5 

5790.7 

loVn^ 

ooViiji 

0.  131 

2.271 

APPENDIX  IC  (Continued) 


Intensity 

3 

5 

3 

2 

2 

0 


Band  Head 
Wavelengths 
(in  A) 


5805. 8 
5813.? 
583L9 

6171.6 
620?,.  2 

6376.6 
6396.  0 


Spectral  Te r.m  Symbols 


ana  Energy  Levels 

Vib.  Quantum  Numbers  fin  av) 


Lower 

Upper 

» - 

Lower 

Upper 

X 

2o°o2n,i 

2 

* 

io°o4n,j 

0.  263 

2.396 

io°o2n0i 

2 

ooVn0i 

0.  152 

2.283 

2o°o2n0i 

io°o2n0i 

0.285 

2. 410 

2o°o2n,i 

oo0o2n,i 

2 

0.  263 

2.271 

20°o2n0| 

oo°o*n0| 

0.285 

2.  283 

ooVn,! 

ooVn,! 

0.328 

2.  271 

oo°22ir0i 

2 

oo°o2n0i 

2 

0.346 

2.  283 
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APPENDIX  II  -  MINOR  SPECIES 


APPENDIX  HA.  WAVELENGTHS  AND  WAVENUMBERS 
OF  POSSIBLE  EXHAUST  SPECIES 


Species  Visible  (A)  IR  (cm*1) 


B2  3273 

B(CN)j 

BH+  3768R 

3792Q 
3803R 

BH2 

BHj 


BnH4 

BwHi 

bq2 

bo3‘3 


1061 

No  IR  spectra 
due  to  decrease 
in  CN  bond 
order 


2650 

2430 

840 

2976 

2384 

1765 

802 

2264 

2244 

1210 

1080 

2270 

2250 

1208 

1093 

1322 

1070 

464 

1300 

750 

650 
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APPENDIX  IIA  (Continued) 


Speciei  Visible  (A) 

BejOj 


Be6Q6 


c2 


C 


CH 

CN 


Swan  Mulliken 

4693  5165  U.  V. 

4715  5541 

4737  *  5586 

5129  5636 

5794 

7119 

3876  6578 

3921  6583 

4075  6784 

4267  7231 

5145  7236 


4313Q 


Red 

Main 

Tail 

6355Q 

3584 

3883 

3405 

3629 

6502Q 

3586 

4168 

3433 

3880 

7874R 

3590 

4181 

3465 

3910 

8067 

3855 

4197 

3603 

3945 

9140R 

3862 

4216 

3985 

9393 

3871 

IR  (cm"1) 


1400 

1200 

1100 

1000 

900 

850 

1400 

1200 

1100 

1000 

950 

900 

850 

800 


700 

600 

500 

400 

200 


750 

700 

600 

500 

400 

250 

200 


1856  1641 
1830  1608 
1809  1107 
1788 


2816 


?  164 
2069 
1814 
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Specie* 

CN" 

c,n2 

co+ 

h3bo3 

HCN 

HNCO 

HNO 

HNOz 

h2o2 

NH 


U.  V. 


APPENDIX  HA  (Continued) 
Visible  (A) 


7880a 

7912a 


3417a 

3539a 

3545a 

3680a 


3700a 


Chemiluminesc  enc  e 


Flames 

3360Q 

3370Q 


3035R 
3042Q 
3240R 
3253Q 
361  OR 
36270 


IR  (cm"1) 


2250- 

•2050 

2322 

2149 

2214 

1734 

1562 

3250 

1060 

3150 

881 

1440 

652 

1185 

544 

3311 

2097 

712 

3531 

797 

2274 

670 

1327 

572 

3450 

tr&ns 

cis 

3426 

3590 

1 640 

1696 

1292 

1260 

856 

794 

637 

598 

543 

joIO 

1262 

3417 

890 

2870 

2300 
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APPENDIX  UA  (Continued) 


Specie* 

Visible  (A) 

IR  (cm'1) 

NH2  4723 

5707 

5166 

5708 

5525 

6333 

5705 

nh3 

N14 

N15 

3448 

3335 

3414 

1625 

3337 

961 

1627 

926 

968 

950 

932 

NjH 

3336 

1150 

2140 

672 

1274 

522 

NO  3886 

2374 

1 7i2 

3801 

2371 

1380 

2347 

1300 

2327 

1262 

1904 

1170 

1876-N14 

1155 

1843-N15 

1038 

1748 

1037 

1020 

stretch:  2400-900 

monomer: 

1883 

cis-dimer: 

1862, 

1768 

trans-dimer:  1740 

NO+  6000 

2220 

67 


AFPENDIX  IIA  (Continued) 


Species 

no2 

no2+ 

NjQ 


4350a 

Visible  (A) 

N 

1618 

IR  (cm’1) 

14  N15 

485  1580 

4390a 

1318 

482  1306 

4448a 

808 

429  740 

480a 

750 

381 

4630a 

672 

370 

O-N-O  stretch:  900-400 

2360 

1400 

66? 

Continuous  absorption  through  N14N14Q  N15NlsO 

U.  V.  to  3065A  2224  2178 

1286  1281 

589  576 

n15n14o  n15n15o 

2203  2156 

1271  1266 

586  572 
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A 

3035R 
3042Q 
3065a 
3240R 
3253Q 
3273  - 
3360Q 
3370Q 
3386  - 
3405  - 
3417a 
3433  - 
3465  - 
3539a 
3545a 
3584  - 
3586  - 
3590  - 
3603  - 
3610R 
3627Q 
3629  - 
3680a 
3700a 
3768R 
3792Q 
3801  - 
3803R 
3855  - 
3862  - 
3871  - 
3876  - 
3880  - 
3883  - 


APPENDIX  UB.  VISIBLE  COINCIDENCE  TABLE 


-  NH 

3910  -  CN 

6355Q  -  CN 

-  NH 

3921  -  C+ 

6502Q  -  CN 

-  Njp 

3945  -  CN 

6578  -  C+ 

-  NH 

3985  -  CN 

6583  -  C+ 

-  NH 

4075  -  C+ 

6784  -  C+ 

B* 

4168  -  CN 

7119  -  C 

-  NH 

Z 

u 

1 

CO 
*— « 

7231  -  C+ 

-  NH 

4197  -  CN 

7236  -  C+ 

NO 

4216  -  CN 

7874R  -  CN 

CN 

4267  -  C+ 

7880a  -  HCN 

-  HNO* 

4313Q  -  CH 

7912a  -  HCN 

CN 

4350  -  NO* 

8067  -  CN 

CN 

4390a  -  N02 

9140R  -  CN 

-  hno2 

4448a  >  N02 

9393  -  CN 

-  HNO* 

4480a  -  N02 

NO,  CN 

4630a  -  N02 

(a)  -  absorption 

CN 

4698  -  C2 

(Q)  -  Q  branch 

CN 

4715  -  C2 

(R)  -  R  branch 

CN 

4723  -  NH2 

-  NH 

4“37  -  C* 

-  NH 

f-129  -  C2 

CN 

5145  -  C+ 

-  HNO* 

5165  -  C2 

-  HP2 

5166  -  NH2 

-  BH+ 

5^25  -  NH2 

-  BH* 

5541  -  C2 

NO 

1 

5586  -  C2 

~  EH 

5636  -  C2 

CN 

5705  -  NH2 

CN 

5707  -  NH2 

CN 

5708  -  NH2 

C+ 

5794  -  C- 

CN 

6000  -  NO+ 

CN 

6333  -  NH2 
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APPENDIX  IIB  (Continued) 
INFRARED  COINCIDENCE  TABLE 


cm 


-l 


3610  -  Hjp2 

2203  -  NzO 

3590  -  HN  % 

2200  -  BeH2,  NO* 

3531  -  HNCO 

2178  -  N20 

3450  -  HNO 

2164  -  CN 

3448  -  NH3 

2156  -  N20 

3426  -  HN02 

2149  -  C2N2 

3417  -  HzO* 

2140  -  N3H 

3414  -  NH3 

2097  -  HCN 

3337  -  NH3 

2069  -  CN 

3336  -  NjH 

2045  -  Be3204 

3335  -  NH3 

!%•»  -  NO 

3311  -  HCN 

1876  -  NO 

3300  -  NH 

1856  -  C2 

3250  -  H3B03 

1843  -  NO 

3150  -  H3B03 

1830  -  C2 

3000  -  B(OH)2 

1814  -  CN 

2976  -  BH3 

1809  -  C2 

2870  -  H202 

1788  -  C2 

2816  -  CH 

1765  -  BH3 

2650  -  BH2 

1748  -  NO 

2500  -  B(OH)2 

1734  -  CO* 

2430  -  BH2 

1712  -  NO 

2384  -  BH3 

1696  -  HNOz 

2374  -  NO 

1640  -  HN02 

2371  -  NO 

1627  -  NH3 

2360  -  NOz+ 

1625  -  NH, 

2347  -  NO 

1618  -  NOj 

2327  - 

1608  -  C2 

2322  -  C2N2 

1600  -  Be20 

2274  -  HNCO 

1580  -  N02 

2270  -  BK)H4 

1562  -  CO* 

2264  -  buH4 

1500  -  BeH2 

2250  -  bwH4 

1480  -  Be202,  Be30 

2244  -  buH4 

145r  -  Be303 

2224  - 

1440  -  H3BO3 

2214  -  CO* 

1418  -  BeB204 

CN~ 
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APPENDIX  HB  (Continued) 


1400  -  Be404Be505,Be606,N02'f 

1380  -  Be303,  NO 

1327  -  HNCO 

1322  -  BG2 

1318  -  N02 

1306  -  BeBzP^NO, 

1300  -  BeH&NO,  B03“3,  B(OH)2 
1292  -  HNO?, 

1286  -  N# 

1281  -  NjP 
1274  -  N3H 
1271  -  N20 
1262  -  H202,  NO 
1260  -  HNOfc  N20 
1210  -  BllH4 
1208  **  BWH4 

1200  ~  Be404l  BejCj,  Be404 
1185  -  H3B03 
1170  -  NO 
1155  -  NO 

1150  -  H3H5  B(OH)2>  B-  04 
1120  -  Be202 
1107  -  C2 

1100  -  B(OH BcP,  Be jvJ3,  Be  5O  5,  Be jO j 

1093  -  BMH4 

1080  -  BUH4 

1070  *  B02 

1061  -  B2 

1 060  -  H3B03 

1038  -  NO 

1037  -  NO 

1020  -  NO 

1000  -  B(OH)2,  Be404,Bes05,  Be^O j 
990  -  Be303 
968  -  NH3 
961  -  NH3 
95C  -  L(OHUNH3 
947  -  B(OH)4 
932  -  NH3 


926  -  NH3 
920  -  Be^a 

900  -  Be404,  BesOj,  Be40( 

890  -  H2P2 
881  -  H3B03 
877  -  BeB204 
875  -  BeB204 
856  -  HN02 

850  -  Be404,  BejOj,  Be4Q4 

840  -  BH3 

808  -  N02 

802  -  BH3 

800  -  Be404t  BS5O4 

797  -  HNCO 

794  -  HN02 

764  -  BeB204 

760  -  Be2Oz 

754  -  B(OH)4 

750  -  N02,B03~3,Bei06,B(0H)2 

749  -  B(OH)4‘ 

747  -  B(OH)4~ 

744  -  BeB204 
740  -  NOz 
730  -  Be303 
712  -  HCN 

700  -  Be404,  B05O 5,  Be404 
672  -  N3Hs  NOa 
670  -  HNCO 
667  -  N02+ 

652  -  H3B03 
650  -  BOf3 
637  -  HNOz 
630  -  Be202 
610  -  Be303 

600  -  Be404,  BejOs,  BC4O4 

598  -  HN02 

589  -  NzQ 

586  -  N20 

57S  -  NaO 
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APPENDIX  HI.  OBSERVATIONS  AND  COMMENTS  RELATED  TO 
SAFETY  AND  HANDLING  CHARACTERISTICS  OF  HYBALINE  B-3 


The  toxicity  of  Hybaline  B-3  was  expected  to  be  quite  high. 
Therefore  all  test  operations  used  the  appropriate  safety  procedures 
and  equipment  necessary  for  beryllium  handling.  All  operations  were 
carried  out  either  out-of-doors  or  in  specially  protected  enclosed  room 
having  a  positive  one  micron  filter  on  all  air  exhaust  fans  and  vents. 

A  number  of  observations  were  made  regarding  the  handling  of 
this  compound  during  the  course  of  these  studies.  Previous  workers, 
with  the  exception  of  personnel  at  Edwards  AFB,  have  reported  that 
Hybaline  B-3  is  not  pyrophoric.  On  this  program  pyrophoric  behavior 
was  observed  on  a  number  of  occasions.  These  occurred  either  upon 
drawing  from  the  main  storage  tank  or  in  open  transfer  operations 
where  humid  conditions  prevailed.  Maximum  danger  of  fire  occurred 
when  drawing  from  the  main  storage  tank  after  a  long  inactive  period. 

It  is  assumed  that  the  cause  of  pyrophoricity  is  diborane  formed  in  a 
slow  decomposition  of  the  neat  propellant.  Therefore,  dry  nitrogen 
and/or  inert  gases  such  as  argon  or  helium  are  recommended  for 
purging  in  all  transfer  procedures,  and  use  of  an  inert  gas  blanket  is 
strongly  advised  during  storage. 

In  addition  to  the  pyrophoric  behavior,  a  second  problem  arose 
during  spills  or  disposal  of  neat  propellant  on  the  ground.  A  sporadi¬ 
cally  delayed,  violet  reaction  which  closely  resembled  a  detonation, 
occurred  some  period  of  time  after  ground  contact  had  been  made. 

It  is  therefore  recommended  that  caution  be  exercised  any  time  a 
ground  spill  or  disposal  occurs. 

On  several  occasions  an  explosion  occurred  when  the  neat 
propellant  came  into  contact  with  the  residue  remaining  when  the 
propellant  had  been  allowed  to  evaporate.  These  explosions  were  in¬ 
frequent,  but  sufficiently  strong  to  shatter  glass  beakers  and  watch 
glasses. 

The  use  of  air  packs  is  strongly  suggested  fer  personnel 
protection  during  the  handling  of  this  propellant.  The  use  of  hydrazine 
gas  masks  is  not  recommended  since  the  smell  of  Hybaline  B-3  can  be 
detected  through  such  equipment.  The  odor  of  this  propellant  was 
detected  by  two  personnel  on  separate  occasions  **nd  A-as  reported  as 
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■’sweet"  and  "similar  to  dandelions."  Both  personnel  agreed  that  the 
odor  was  pleasant  although  somewhat  faint.  The  color  of  the  Hybalinc 
B-3  was  observed  to  be  quite  dark  green,  or  black  and  ink  like  in 
appearance. 

No  problem  of  materials  compatibility  was  observed  and  com¬ 
mon  materials  of  constructure  were  used  for  all  handling  and  storage 
equipment.  The  use  of  polyethylene  hose  connections  was  satisfactory. 
Rubber  absorbs  the  liquid  and  is  therefore  not  recommended. 
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